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ABSTRACT 
The aim of this paper is to come with a technical solution for widening of an existing single track to a 
double track railway line, selected in the Czech Republic, in several variants for both embankments and 
cuttings, with subsequent evaluation and recommendation of optimal variants. 
The work will go through four main phases. 
The first one will consist of a first approximation to the theme, railway structures, describing the 
fundamental terms related with this theme. Furthermore, it will involve to collect, process and evaluate 
data for a specific area, including ground investigation survey, since it is essential to understand the 
mechanical characteristics of the ground in question. 
After that investigation, the next step will be general researches for options of railway widening, 
choosing a set of solutions for embankment and cutting. The choice of this solutions corresponds to a 
first approach so it will not be taken into account the ground properties and potential expropriation. 
The third phase will be divided into two parts. Firstly will be modeled the problem and then, using the 
software GEO 5, it will be supposed to come to a geotechnical design for proposed widening options, 
based on analytical and numerical calculations (ultimate and service ability limit states). 
For last, after an exhaustive evaluation of proposed technical options, it will be suggested optimal 
solutions. These solutions will be confirmed doing a second analysis in PLAXIS 2D software, just by 
curiosity, and not as an objective to reach with this dissertation. 
In the end will be expressed the main conclusions taken from all this work and made some suggestions 
for possible future developments in the context of this issue. 
 
KEYWORDS: railway structures, widening, geotechnical investigation, analytical and numerical 
calculation, optimal solution. 
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RESUMO 
Esta dissertação tem como objetivo principal chegar a uma solução técnica para o alargamento de uma 
linha ferroviária existente, de uma via única para uma dupla, selecionada na República Checa, em 
diversas variantes tanto para aterro como para escavação, com avaliação subsequente e recomendação 
de variantes ótimas. 
Todo o trabalho será desenvolvido ao longo de quatro fases principais. 
A primeira fase consistirá numa primeira aproximação ao tema, estruturas ferroviárias, descrevendo os 
termos fundamentais relacionados com este tópico. Para além disso, envolverá coletar, processar e 
avaliar dados relativos a uma área específica, incluindo todo o levantamento da investigação do solo 
efetuado, uma vez que é essencial para perceber as caraterísticas mecânicas do solo em questão. 
Após esta investigação, a próxima etapa será pesquisas gerais de opções de alargamento de linhas 
ferroviárias, escolhendo um conjunto de soluções para aterros e escavações. A escolha desta solução 
corresponde a uma primeira aproximação pelo que aqui não serão tidas em conta as propriedades do 
solo nem possíveis expropriações. 
A Terceira fase será dividida em duas partes. Primeiramente será modelado o problema e, 
posteriormente, recorrendo ao software GEO 5, será suposto chegar a projetos geotécnicos para as 
opções de alargamento propostas, baseados em cálculos analíticos e numéricos (estados limite últimos 
e de serviço).  
Por ultimo, depois de uma avaliação exaustiva das opções técnicas propostas, serão sugeridas quais as 
soluções ótimas. Estas soluções serão ainda confirmadas através da realização de uma segunda análise 
através do software PLAXIS 2D, apenas por curiosidade, e não como um objetivo a cumprir com esta 
dissertação. 
No final serão expressadas as principais conclusões retiradas de todo o trabalho e feitas algumas 
sugestões para possíveis desenvolvimentos futuros no contexto deste assunto. 
 
PALAVRAS-CHAVE: Estruturas ferroviárias, alargamento, investigação geotécnica, cálculo analítico e 
numérico, solução ótima. 
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1 
INTRODUCTION 
 
 
1.1. CONTEXT AND MOTIVATION: RAILWAY DEVELOPMENT IN CZECH REPUBLIC 
In the Czech Republic the railway transport dates back to the first third of the 19th Century.  In 1828 
was opened the first horse-powered railway in Europe, connecting Linz (Austria) to České Budějovice 
(Czech Republic). In 1839 was opened the first steam-powered railway, connecting Hohenau to Břeclav. 
Before 1918 almost all of the Czech railway system was built (under the reign of the monarchy), [1]. 
However, compaction equipment in those days (more than a century ago) was quite different from the 
ones that are available in the present and, naturally, frequency of traffic, loading and speeds were much 
lower. Thus, the need of a railways’ modernization arises, [1]. 
During the 20th Century there was the first significant modernization of the railways, when majority of 
the main lines were electrified. Nowadays, the average length of 0.12 km lines per 1 km2 of the territory 
makes the Czech railway network the densest in the world, [1].  
Some significant numbers, [2]: 
 The total length of the railway network is about 9,400 km; 
 The length of single tracks is about 7,600 km; 
 The length of double tracks is about 1,800 km; 
 Electrified lines represent the total of 3,000 km (about 1,300 km single tracks and 1,700 
double and multi tracks); 
 The number of tunnels is more than 150 – total length of more than 40 km; 
 The longest tunnel is “Březenský tunel” with 1,758 km; 
 The number of bridges is more than 6,600 – total length of more than 147 km; 
 The longest bridge is “Negrelliho viadukt” with 1,110 km; 
 The total number of stations is 2808; 
 The highest elevation is “Kubova Hut” with 995 meters of altitude. 
Although the entire network has been mostly built by private owners, the principal owner and operator 
of the railway lines, throughout history and in the present, is the state. 
Even more significant period of modernization, the second significant modernization, is in progress right 
now. The railway system must have technical parameters modified up to the standard set by significant 
international agreements, to become a typical transportation of the 21st Century. 
It is possible to say, that with this modernization, the construction of transport infrastructures represents 
a significant potential for using various secondary materials, waste, by products in the process of 
construction. However, with this growth also comes a new concern, the environmental protection. 
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Special attention should be paid to possible crashes and possible escape during transport of dangerous 
substances. This pronounced tendency to grow also has a significantly impact on land appropriation. 
In that way, it is conceivable to say that at the present time the railway development in Czech Republic 
is undergoing relatively rapid.  In this manner, careful attention should be given to [3]: 
 Maintenance of existing old lines; 
 Track reconstruction for trains with higher speed; 
 Construction of new tracks for high speed trains. 
It is based on this development that the present work emerges. 
 
1.2. OBJECTIVES 
Like mentioned above, the development of transport engineering is currently undergoing relatively rapid 
and in that way there arises a problem related to transport capacity. One of the most interesting ways to 
solve this problem is expanding the existing route through the enlarging of its capacity. Therefore, the 
main subject of this paper is the widening of a specific existing railway route in the Czech Republic. 
From all the selected line it will be chosen two different sections, the most critical relatively to 
embankments and the most critical relatively to cuttings.  
It is important to note that most of the data that formed the basis of the developed studies were obtained 
under the renewal process of the railway platform Sudoměřice - Votice, currently being developed in 
Prague, Czech Republic. 
In a widening project of a railway line, one of the main adversities found is about land expropriation. 
Thus, when possible, priority should be given to the technical solution which will not require any 
appropriation of land or, at least, that will minimize it.  
However, this is not the only difficulty that can be found during the project. Soil properties are also a 
foremost factor. If subsoil is of poor quality problems like excessive deformation of the 
embankment/cutting may arise. Another problems are the danger of slope stability failure and load 
bearing capacity of subsoil during the widening. The danger of surface erosion (especially for steeper 
slopes) can also happen. 
In that way, after an exhaustive investigation and taking into account all of these factors (soil properties 
and possibility of land appropriation), will come various solutions to extend the line. Subsequently, and 
made all the necessary numerical and analytical calculations to ensure short and long term stability, 
analyzing each solution with the help of the program GEO 5 (czech geotechnical software), taking into 
account ultimate and service ability limit states, an optimal solution will emerge. 
Beyond these objectives, will be made an extra analysis with the assistance of the program PLAXIS 2D, 
of just one or two options by curiosity, to compare the results, once it is a different type of calculation.  
From the studies made can result new knowledge that may be applied to possible interventions for the 
renovation of railway infrastructures, both in Portugal and in other countries. 
 
1.3. STRUCTURE OF THE THESIS 
This thesis is organized in six chapters. 
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This present chapter, chapter one, is a brief description of the railways development over time, and 
current situation in the Czech Republic. Is also here that is discussed which objectives are intended to 
reach with this thesis. 
Chapter 2 is a general framework of the theme. This means that here it is explained the basic principles 
of the theme, like description of the typical cross section of a railway line, discriminating each 
component. It is also described all the conclusions taken through an exhaustive study of the area, about 
several aspects like geomorphology, geology and hydrogeology, as well as the conclusions taken about 
the soil, its main characteristics and its quality. 
Chapter 3 describes the various options available for railway widening of embankments and cuttings, 
possible problems that can emerge and its solution, after a general investigation, and with the 
presentation of literature performed.  
Chapter 4 presents an in-depth description of the models that will be applied to validate the various 
options for enlargement, namely which programs and methods, main objectives, features, structure and 
which variables are involved.  
Chapter 5 consists in the application of the model described above, for practical examples of railways’ 
modernization, using various scenarios. This chapter is also dedicated to the results of the tests carried 
out to evaluate the program performance, and to determinate the influence of each variable. It is also 
here that, through these results, will arrive the best solution to solve the problem.  
The last chapter presents the conclusions, namely the major difficulties found during the work and if the 
results are satisfactory, and eventual future work. 
It will be included also in this dissertation two types of annexes. In a first will be included all the 
information consulted in the project of the railway line, essential for the development of the work, 
mainly longitudinal or transverse plants. In a second will be included documents relating to the results 
obtained through the GEO 5 program.  
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2 
GENERAL FRAMEWORK  
 
 
2.1 INTRODUCTION 
This chapter serves as a first approximation to understand all the work developed on this thesis. So, after 
the contextualization as well as the description of the main objectives, it matter to describe some 
principals related with this theme, since it is important to understand that this work depends on an 
interaction of the characteristics of the train's platform and the characteristics of the ground where this 
platform is. Therefore, the first part of this chapter consists of a detailed description of the typical cross 
section of a railway line, describing its constituent elements, principal functions and characteristics. 
Then, will be presented the principal conclusions taken, about the soil in all engaging area of the line, 
after a deep study through all the tests carried out, essentially about geomorphology, climatic conditions, 
geology, hydrogeology, seismic activity, to find the principal needed properties to realize the analyses 
(nevertheless these characteristic will only be concretely described in the chapter 4).  
 
2.2. TYPICAL CROSS SECTION 
It is of interest to know the characteristics of a railway structure, i.e., describe a typical railway cross 
section, once it allows a better understanding of the theme and also allows to frame the study developed 
in this thesis. Quantifying the importance of each components of a line is possible to predict the behavior 
of the route to a given set of conditions, being this essential to establish the rational orientations to the 
project, construction and conservation.   
According to Fortunato [4], the performance of the railways lines is result of a complex interaction of 
the several elements and layers of the system, in response to the requests imposed by the circulating 
material, in numerous environmental conditions. To an appropriate behavior, each component of the 
structural system must fulfill correctly its function, so that the group is stable, resilient, avoids significant 
permanent deformations at rails' level and components’ abrasion. The resilient characteristics of the 
route allow to an absorption of a great part of the energy transmitted to it, essentially through the 
compression of ballast layer.  
The typical cross sections for single tracks can be seen in the figure 1 below. This thesis is about double 
lines, more specifically widening single ones, but the same ideas taken from the figure below can be 
applied. 
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Fig. 1- Typical cross sections for single-track line: (a) direct contact between ballast and foundation (b) with a 
subgrade situated between ballast and foundation, [3] 
 
The most common case is the transverse profile with a subgrade situated between ballast and foundation, 
and so this will be the cross section adopted for this work. 
Following, it will be done a brief description of each elements that compose a railway structure, 
important to anticipate its behavior as well as its performance. 
Rails are from steel and have as functions support and transfer to sleepers the vehicles' loads and impose 
direction to wheel, in a plan. This elements must have the enough stiffness to work as beams that transfer 
the concentrated loads from the wheels to the sleepers, [4].  
The fastening system should promote the appropriate support of the rails and theirs fixation to the 
sleepers, resisting to the efforts caused by the vertical, lateral, longitudinal and torsion actions, and to 
the efforts produced by the temperature variation of the rails. Must also reduce the tensions and 
vibrations caused by the dynamic loads, [4].   
Sleepers are the elements of the road placed between the rails and the ballast. They must have a good 
mechanical resistance, in vertical and horizontal direction, with the functions of receive the loads from 
the rails and distribute them to the ballast layer, support fixation of the rails system and prevent vertical, 
lateral and longitudinal movements of the rails. Sleepers are normally from wood or prestressed 
concrete. 
The ballast layer (or track bed) and the sub-ballast layer (or subgrade) represent the called supporting 
layers. Its thickness depends on numerous variants as traffic, atmospheric conditions, geological 
conditions, geotechnical conditions, hydraulic conditions, and the remaining geometry of the platform, 
and should be able to carry loading from the moving trains and to protect the soils in foundation against 
freezing. These layers play a key role in relation to deformation and stiffness.  
Specifying the ballast layer, it plays a fundamental part to the route’s behavior, concerning to vertical 
and horizontal stability. Its performance is conditioning fundamentally by its mechanical characteristics 
(resistance and deformability) and hydraulic characteristics (permeability), [4]. According to Vaníček 
& Vaníček [3], it is the critical link in the load absorption and transfer chain, once it must distribute the 
loads to prevent the track being displaced. Must also provide good drainage, vibration's damping, 
reduction of undesirable effects on the subjacent layers caused by climatic changes, and facilitate 
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conservation operations. Thickness is close to 0.5 m with a minimum of 0.3 m. It belongs to 
superstructure and is normally formed of crushed rock.  
The sub-ballast layer, situated between the ballast and the foundation, appears as a need to protect the 
platform and to reduce the tension level at the soils, keeping constant the ballast’s thickness. According 
to Vaníček & Vaníček [3], sub-ballast layer protects the migration of fine particles from foundation to 
ballast. It has to fulfill filtration criteria not only on the contact with the foundation but also with the 
ballast. Also protects against the actions of freezing/thawing and prevents water infiltration into the soil 
foundation. Usually is required to this layer be little deformable (high deformation modulus) and have 
low permeability. Some countries consider that this layer belongs to the superstructure but in the Czech 
Republic, area whose railway lines are being studied, it is considered that belongs to the substructure, 
and is normally consisted of well graded materials.  
When the soil in foundation is of good quality it is possible the direct contact between ballast and earth 
plain. 
Following the sub-ballast there is a manner layer, not shown in the figure, with the main functions of 
protecting the underlying layers during construction and project's life. This layer has a thickness of 0.60 
m and usually consists of the best quality material. In addition to the shape layer, there is still the superior 
part of the embankment, also not shown in the figure, typically with 1m of thickness. There is still a 
core usually constituted of mechanically not so relevant material. 
All these layers described above are constructed above the foundation, also currently designated by 
platform, executed in natural terrain or in landfill. It is constituted by the terrains where the sub-ballast 
is sustained, and it extends to the depth where the traffic solicitations still make effect. It has a 
determining role to the quality and performance of the route, when it is subjected to the continuous train 
loads, once it contributes considerably to the reversible deformation and to the permanent deformation, 
and influences the deterioration of superstructure elements and of the ballast. Its main functions are 
support the superstructure and the supporting layers of the route, support the stresses imposed by the 
repetitive loads without reach the rupture and without excessive deformations, keep a stable position in 
time without being extremely influenced by the environment actions, resist to friction and wear caused 
by the sub-ballast, phenomenon that can cause pumping of fines and consequently settlement, and 
constitute a good surface to collocation and compaction of the sub-ballast, [4]. 
The drain ditch collects and discharges the superficial, underground and infiltration waters. 
The final section should: 
 Guarantee that foundation is sufficiently safe against main limit states; 
 Avoid infiltration of water from superstructure to foundation since this water can 
deteriorate the soil - achieved by very good compaction of the foundation or by a 
drainage layer; 
 Avoid the migration of fine particles from the foundation to the superior layer, for 
example as result of traffic loading - achieved by applying a filtration layer. 
As mentioned several times, over time there is some rail track deterioration, as well as deformation and 
ageing, as result of dynamic loads and vibrations applied by passage of trains. As result of crushing 
process during compaction, dynamic loadings and fall of small substances (like flying ash, coal,..) from 
rail track surface to the pores of ballast, the amount of fine particles in the ballast is increasing, causing 
even more deformation of rail track and sometimes pumping effect. These problems can be solved by 
tamping with an addiction of new ballast or, in more problematic cases, with replacement of the ballast. 
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2.3. GEOTECHNICAL INVESTIGATION 
To start the development of this thesis, a project was provided regarding the "Modernization of the way 
Sudoměřice - Votice", being from this that it withdrew all necessary information during the work. This 
modernization consists of duplicate the entire section in accordance with the adjustment of the geometric 
position of the main routes, with emphasis on increasing the maximum line speed. The new position is 
performed in parallel with a proposed construction of a section of motorway (which will result in, for 
example, the application of a surcharge when this is nearby our railway).  
Relevant information indicated in the project were obtained through surveys and conducting local 
explorations. Sometimes, by performing local explorations, came to the conclusion that the geological 
conditions were somewhat different from those contained in the project. 
 
2.3.1. GEOMORPHOLOGICAL, GEOLOGICAL AND HYDROGEOLOGICAL CONDITIONS 
2.3.1.1. Geomorphology 
 
 
Fig. 2 - Location of Prague, Czech Republic, in Europe 
 
According to the geomorphological division of the Czech Republic [5], the territory belongs to: 
 System - Hercynian  
 Province - Czech Highlands  
 Subprovince - Czech-Moravian system  
 Area - Upland Středočeská  
 Whole - Vlašimská Upland  
 District - Miličínská highlands, hills Jankovská  
High on the route line ranges from about 460-620 meters above sea level. 
 
2.3.1.2. Climatic Conditions  
In terms of climatic classification, by Climate Atlas of the Czech Republic (2007), the area of interest 
is in the district B5 (a little hot, a little humid, and highland). 
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2.3.1.3. Geology 
Through recent analyzes made, the rock type was shown to be mostly quaternary sediments. 
 
2.3.1.4. Hydrogeology 
From the hydrological point of view studied area falls into an area with crystalline rock in the middle of 
the Vltava River basin. 
The throughput of the environment is extremely variable and fluctuate in response to changes in grain 
size, composition of the soil and the intensity of weathering and fracturing of rocks. 
Only in terrain depressions, in areas of occasional watercourses, level is usually shallow to groundwater 
beneath the ground surface. 
In periods of increased precipitation (snow melt) may be found in construction excavations shallow 
infiltration of rainwater. The amount and yield will depend on the precipitation conditions in the 
neighborhood. Possible complications caused by their occurrence may be limited by earthworks in a 
convenient climate with little rainfall. 
 
2.3.1.5. Tectonics 
The biggest area of interest in tectonic direction is NE - SW to NE - SW, according to the geological 
map.  
Failure of the rock mass causes heterogeneity of foundation soils, which can lead to irregular 
settlements. The end result of tectonic disturbance of rocks is, in most cases, higher financing costs for 
safe construction. 
The most important tectonic faults were detected in the notch Lipiny, approximately chainage km 96.690 
to 96.730, and the area around the village Heřmaničky, chainage km 108.450 to 109.000. Other 
significant faulting in the rock mass was found at the end of construction in section chainage km 111.450 
to 111.800 (notch near the village Nazdice). 
 
2.3.1.6. Stability of the area, the effect of undermining, mineral deposits 
The archive Geofond Praha did not registered any signs of instability territory.  
In the projected relocation of the route of the railway line, and its surroundings, are not registered mine 
workings. 
Projected realignment of the route of the railway line is not conducted through registered mining claims 
or mineral deposits.  
 
2.3.1.7. Seismic activity 
According to DIN EN 1998-1 (73 0036) the area of interest belongs to areas with low seismic activity, 
the reference value of AGR, acceleration of the foundation soil in the area, does not exceed 0.02 g. 
 
2.3.2. METHODOLOGY – EXPLORATION WORK  
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Rock and soil samples were collected for laboratory analysis always transported to the laboratory as 
quickly as possible. It was also taken into account, for the exploration results, archives and reports made 
near by the processed area.  
For the interpretation of the geological documentation and to create a geological profile software 
GEOPRODO was used. 
Soils and rocks that occur in the route were divided into geotechnical types. For inclusion in the various 
types of geotechnics its geomechanical behavior was crucial, crucial for the design of earth structures. 
Before the start of the launch of technical papers were checked for each course the administrators, 
starting the negotiations with landowners and land users on admission moment. 
All tests were performed according to current standards. Classification of soils and rocks was carried 
out according to ČSN 7γ 61γγ, ČSN EN 14689-1, ČSN EN 14688-1 a ČSN EN 14689-2, Czech norms. 
The classification of rock strength and workability of soils and rocks were then carried out according to 
ČSN 7γ 61γγ. 
Within the exploration work was carried out 15 pressuremeter tests in 5 wells. Methods and the 
evaluation of the tests were in accordance with the rules for standard pressuremeter test as specified in 
the French originals and ČSN 7β 1004. Correction of pressure and volume loss of the device were 
observed in the evaluation of the calibration curves. 
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3 
OPTIONS FOR RAILWAY WIDENING 
 
 
3.1. INTRODUCTION 
In this chapter will be described some options for railway widening, keeping the safety of the existing 
structure. First of all will be mentioned some important principals to each case, cutting and embankment, 
and then, after these considerations, will be featured the railway widening options, mentioning the 
principal principles for each one, like mode of operation and main aspects to be verified. It is important 
to note that from all the solutions presented below, not all will be analyzed. Just after studying the 
characteristics of the chosen section from the whole railway line, for embankment and for cutting, will 
be selected those options that best fit, in chapter 4. 
 
3.2. CUTTING 
Cuttings will be considered in two particular cases: 
 Limit states: since the security has to be guaranteed in relation to the limit states; 
 Ground water lowering:  this lowering causes an increase in effective stress under 
surrounding water developments and, consequently, settlements. 
 
3.2.1. LIMIT STATES 
Excavation in clayey soils, with the groundwater level near the surface, is the most common case related 
to cuttings. 
With the beginning of the construction the stress conditions change initiating also a change on the pore 
pressures that start decreasing. These reach their minimum at the end of the construction and the shear 
strength reaches its maximum. After, the consolidation process begins, the pore pressures start 
increasing, opposite happens to shear stress and consequently the slope's stability decreases, Vaníček 
and Vaníček [3].  
Looking to the figure 3 it is possible to better understand this fact. 
Alternative modernization design of a selected railway line section in the Czech Republic 
 
12 
 
Fig. 3 - a) Variation of pore pressure, b) Variation of safety factor, adapted from [6] 
 
Depending on the kind of analysis that is desired a difference can be made about the type of parameters 
used. To short-term stability, since it is an undrained conditions problem, the most correct are total 
parameters. However, effective parameters can also be used, only if the pore pressures produced by a 
stress condition’s change are known. To long-term stability, since it is a drained conditions problem, it 
is only correct to use effective parameters. 
When analyzing the slope stability it is assumed an elasto-plastic relation between shear strength and 
shear deformation. This means that it is assumed that the peak strength is mobilized on the whole sliding 
area at the same time. However, this model is not completely correct. Can exist a point on the sliding 
area where the strength has been exceeded, once the real curve is not uniform. 
To occur a progressive failure: 
 Soil with brittle behavior; 
 Locals with stress concentration; 
 Limit conditions are given by different deformations. 
To decrease the underground water level, to decrease pore pressures, and to reinforce the soil in the 
potential sliding area, are two measures that can help the long-term stability. 
 
3.2.2. GROUND WATER LOWERING 
According to Vaníček and Vaníček [3], normally, the principal consequence of the excavation is a 
lowering of the groundwater level and, as already said, this lowering can have a negative impact on 
future settlements. 
From a long-term point of view, after the pore pressures stabilization, the water level will reach its 
minimum, lower than before excavation. 
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To increase long-term stability the measures tend to lower the groundwater level under that basic level, 
with the help of: 
 Trench drains perpendicularly on the slope: filled with sandy gravel that guarantee filtration 
prevention against the washing out of soil particles from the surrounding clayey soil 
(geosynthetics, mainly geotextiles, can also be used as alternative); 
 Horizontal drainage boreholes. 
The project should take into account the 3D effects. 
 
3.2.3. CUTTING WIDENING 
Relatively to the cuttings the main issue to consider is the slopes stability. This problem can be solved 
mainly with the use of nailing but also with the aid of anchors. Problems like how to design steep slopes 
and how long they will be stable must also be taken into account.  
As already mentioned in the first chapter, special care must be taken relatively to land appropriation 
because large difficulties arise in this process.  
Thus, the final objective is, taking into account these factors and concerning the various enlargement 
options, choose the one that best suits the problem. 
 
3.2.3.1. Nailed Slope 
A typical scheme of these type of support can be seen in figure 4 below. 
 
Fig. 4 - Nailed slope design, adapted from FHWA0-IF-03-017 [7] 
 
The main objective with the use of nails is to increase long term stability. 
According to the documents FHWA0-IF [7], the typical sequence of construction of a nailed slope starts 
with an initial excavation (about 1 or 2 meters), then drilling nail holes, nail installation and grouting, 
construction of temporary shotcrete facing to support the open-cut before the next excavation phase, 
construction of the next levels repeating the previous steps and finally construction of the final facing. 
Relatively to the structural facing there are three options, [7]: 
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 Soft facing:  retains the vegetation layer and prevents surface erosion. Long term 
effectiveness depends on the growth and management of vegetation; 
 Flexible structural facing: provides long term stability to the face of nailed structure, trough 
the transfer of load from the soil nails to the nail heads. This also provides bigger soil 
movement. The application of a vegetation layer guarantee good system functioning; 
 Hard structural facing: normally shotcrete (sprayed concrete) reinforced with steel mesh. 
This kind is good to limit deformations. 
In all cases good system drainage is necessary to avoid problems related to the water pressure. 
Relatively to the degree of the slope two different cases will be discussed, vertical or nearly vertical 
slope and inclined slope, being the difference between them that for one will be need more pronounced 
characteristics than for the other, to compensate the quite steep inclination, and so unsafe, of the slope. 
From the ultimate state point of view internal and external stability should be controlled. The main 
concerns in each one are, [7]: 
External Stability: 
 Overturning; 
 Sliding; 
 Bearing capacity; 
 Overall slope stability along the slip surface going beyond the zone of reinforcement. 
 
Internal stability:  
 Failure of the nailed soil mass due to breakage of the bars (nail tensile failure);  
 Failure of the nailed soil mass during the excavation phases (nail-soil pull out failure); 
 Failure of the nailed soil mass due to the lack of adherence on the bars (bar-grout pull out 
failure); 
 Nail bending and/or shear failure. 
Attention should also be paid to the facing failure modes: 
 Facing flexure failure; 
 Facing punching shear failure; 
 Headed-stud failure. 
There is a lot of advantages in the use of nailed slopes like less environmental impact, its installation is 
relatively rapid and uses only a few construction materials, easy adjustments of nailed inclination and 
easy adjustments of the design in the field without compromising the safety, are more economical than 
concrete gravity walls, for example, the shotcrete needed is less expensive that the needed for others 
types of walls, and they are relatively flexible allowing bigger differential settlements. However this 
kind of reinforcement also brings some disadvantages like they are not appropriate to cases where a 
considerable amount of groundwater can reach into the excavation due to the need of a temporary 
unsupported excavation maintenance, this kind of walls require permanent underground easements, and 
specialized and experienced operators.  
 
3.2.3.2. Anchors 
According to a thesis about this theme, [8], an anchor essentially consists of a steel tension member 
inserted into the ground, i.e., a hole integral with the massive inside. The constitution of each anchor 
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can be seen in figure 5, being the main components the head, free length and fixed anchor length. The 
load capacity of an anchor is conditioned by the preservation of the intrinsic strength of each of its 
components and by the reactions mobilized on the ground along the fixed anchor length and in the head 
area, at the support level.  
As an integral part of the structure, an anchor contributes to the overall stability and to the interactions 
of soil-structure system. 
 
 
Fig. 5 - Typical constitution of an anchor (these elements depend on the anchor type), [9] 
 
The anchors' reinforcements are installed in holes, in a wide variety of grounds constituted by soils and 
(or) rocks. The manufacture and construction of anchors involve highly complex and specialized 
procedures that require care in the production and assembly of the reinforcement, with the realization of 
the hole, with the placement of the anchor inside the hole and with a variety of other operations, such as 
performing the injections, application of pre-stress, quality control and monitoring and inspection. 
The constitution of anchors may substantially differ according to their length, with the constructive 
characteristics and the surrounding environment, particularly with regard to protection against corrosion 
and possible creep phenomena. 
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Technological progress in production and materials used must be compatible with the optimization of 
construction techniques, as well as the techniques of observation and monitoring have also been the 
target of optimization processes.  
There is an abundant variety of rules, guidelines and reference for assessing the incentive and the effort 
to simplify the complexities, smooth out differences and develop a unified approach, namely of design. 
Anchors can be further divided into many types, according to their service capacity (temporary or 
permanent), behavior (active or passive), level of pre-stress, types of anchors and types of form, method 
of load transfer, and type of terrain.  
The main types of failure that must be taken into account are structural breakage of reinforcement, 
breaking the link between the grout and the terrain, breaking of the link reinforcement-grout and overall 
external rupture. 
 
3.2.3.3. Retaining Walls – Gravity 
Gravity walls can be classified into massive walls - made of plain concrete or bricks, reinforced concrete 
walls, crib walls – made of wood or precast concrete, and gabion walls. 
A scheme of this type of retaining walls can be seen in figure 6, where can also be seen the typical 
dimensions for these walls. 
 
Fig. 6 – Gravity retaining wall, adapted from [10] 
 
This type of structure is able to retain the earth behind it by virtue of its weight. They are typically 
inexpensive to build and can be built in nearly all weather conditions. In addition, they have a degree of 
flexibility that allows them to adjust to small amounts of differential settlement without suffering 
structural damage, [10].  
Regarding to wall stability, should be verified besides overall slope stability, rotational sliding, wall 
overturning, wall sliding and also bearing capacity of the foundation soil. 
 
3.2.3.4. Pile Walls 
These walls are one of the most commonly used and are realized with methods of special foundation 
engineering. They consist of driven piles with uniform diameter and, in function of the axial distance 
between piles, can be divided into: 
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 Free-standing: piles with axial distance between piles bigger than diameter; 
 Tangential: piles with axial distance between piles equal to the diameter; 
 Secant: piles with axial distance between piles smaller than diameter. 
Free-standing pile walls cannot be design as waterproof. According to their free height they are 
normally anchored at single or multiple levels, normally over pre-set reinforced concrete strap anchors. 
The space between individual piles is usually dewatered in an appropriate way and provided with a 
permanent construction – most commonly with shotcrete with a reinforcement mesh that can be 
architecturally shaped, [11]. Looking to the figure 7 it is possible to better understand this type of wall. 
 
 
Fig. 7 - Free-standing pile wall, [11] 
 
Tangential pile walls are designed less often than free-standing pile walls. They are only used when it 
is not possible to place piles with bigger axial distances, for static reasons, once they make up extremely 
loaded permanent constructions. In these cases it is, however, possible to place anchors suitably between 
pairs of piles so that it is not necessary to project pre-set strap anchors. They cannot be considered as 
waterproof either, even though they can be dewatered appropriately, and provided with a sprayed 
concrete surface, [11]. Looking to the figure 8 it is possible to better understand this type of wall. 
 
 
Fig. 8 - Tangential pile wall, [11] 
 
Secant pile walls are a commonly used type of walls in cases where it is not possible, for various reasons, 
to use slurry casing. First of all, a specific number of so called primary piles are carried out from plain 
concrete and after the concrete partly hardens secondary piles are carried out in between them. In the 
process of drilling secondary piles, a part of primary piles is re-drilled resulting in constructional 
connection of both types of piles. Secondary piles are reinforced. If it is necessary to anchor primary 
piles are used favorably for this purpose. Secant pile walls can be designed as waterproof constructions, 
[11]. Looking to the figure 9 it is possible to better understand this type of wall. 
 
  
Fig. 9 - Secant pile wall, [11] 
 
Regarding to the type of analysis that should be verified, the most important are vertical bearing 
capacity, horizontal bearing capacity and settlement, and this last one can be verified through two 
different options, adopting a nonlinear loading curve or a linear loading curve. 
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3.2.3.5. Stepped Slope 
 
 
Fig. 10 - Stepped slope design, adapted from [19] 
 
Stepped slopes consist of a series of small benches, normally between one and two feet in width, and a 
typical scheme can be seen in the figure above. 
This method is pretty good to control erosion because, once it breaks the slope length, it reduces the 
velocity of storm water runoff. The steps promote vegetative cover by capturing and retaining loose soil 
material, [19]. 
Benefits: 
 Reduced storm water runoff volume and velocity; 
 Improved soil, seed, and water holding capacity on steep slope surfaces; 
 Improved potential for establishing vegetative cover on steep cut slopes. 
Limitations: 
 May increase the cost of earthwork activities. 
 Requires site accessibility by earthwork equipment. 
 May not be practical for sandy or rocky soils. 
 For cut slopes only. 
 
3.3. EMBANKMENT  
Embankments can be considered in two particular cases: 
 Quality of the subsoil is relativity good and will not require a special additional treatment; 
 Quality of the subsoil is poor and so special additional treatment is needed. 
 
3.3.1. EMBANKMENT ON GOOD QUALITY SUBSOIL  
The current design of an embankment in sub-soil of relatively good quality depends, above all, on the 
quality of the available soil. 
The foundation of embankment must guarantee a good connection between the subsoil and the material 
of the embankment, since this contact ensures a drainage layer. Sometimes, for the prevention of the 
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drainage layer cogging, it is necessary to apply some filtration criteria (the most common solution is to 
apply a layer of geotextile or sand). 
A problem that should be taken into account is the pore pressure development during the construction 
of the embankment, by using fine-grained soil in this. Therefore, it is appropriate the combination of 
fine-grained soil with coarser grained material. 
Sometimes it is also usual coating the slope surface with a sub-arable layer covered with topsoil (the 
usual thickness is about 0.2 m), which allows the growth of vegetation with the important function of 
protecting against erosion. If it is need less appropriate materials in the landfill, or in case of need to 
reduce the land occupation to the embankment, it is possible to project reinforced embankment with the 
help of geosynthetic reinforcements. 
Nowadays, with modern equipment compaction, optimization and control, there is the possibility of 
constructing high embankments instead of bridges, emerging two main advantages, reduction of 
construction costs and greater ease in the use of the material of the local landfill. As already mentioned, 
embankments can be vegetated, which makes them environment-friendly, and significantly reduces 
maintenance costs compared to the bridges. 
 
3.3.2. EMBANKMENT ON SOFT SUBSOIL  
Because it is a case that raises many difficulties, but at the same time offers a lot of varied solutions, 
this type of embankment is the most often discussed. 
The materials considered as soft subsoil are, in the most cases, soft clays normally consolidated. In this 
category can also be included soils with higher content of organic substances such as turflike soils. 
The essence of the problem, in this type of soil, is the increase of pore pressure that emerges due to the 
surcharge of soft subsoil. Theoretically, the pore pressures reach their maximum at the end of the 
embankment construction, when the stability reaches its minimum. Then, the dissipation and the 
decrease of this pore pressures occurs resulting in an increase of shear strength and, thus, also overall 
stability. 
Looking to the figure 11 it is possible to better understand this fact. 
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Fig. 11 - a) Variation of pore pressure, b) Variation of safety factor, adapted from [6] 
 
Thus, the most frequently chosen solution is to consider the total parameters of shear strength, since it 
is a problem of undrained conditions. However there are advantages in selecting effective parameters of 
shear strength once these are more or less the characteristics of the soil rand and are not dependent on 
secondary conditions. 
 
3.3.3. HOW TO PREVENT INSTABILITY ON EMBANKMENTS ON SOFT GROUND 
In according to the limit state of failure, there are a lot of possibilities that can be taken to solve the 
instability problems, [3]: 
1. To build the embankment in stages: only starts the next phase after the dissipation of all 
pore pressures generated by the previous phase; 
2. Application of vertical drains: these speed up the consolidation; 
3. To reinforce the subsoil contact with the embankment: with the help, in the most cases, of 
geosynthetic reinforcement materials; 
4. Preloading: the preloading should be applied with the help of suction to avoid the increase 
of danger of failure. 
In according to the limit state of deformation, some of the measures presented above can also be 
favorable, especially the first two ones. They decrease deformation before the implementation of final 
adjustments.  
Nevertheless, there are other possibilities to this problem: 
1. Compaction of the surface of the subsoil (to greater depths the compaction can be help by 
dynamic consolidation); 
2. Construction of the embankment on a group of piles; 
3. Usage of lightweight materials in the embankment construction. 
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3.3.4. EMBANKMENT WIDENING 
Relatively to the embankments widening, there are a couple of problems that can occur and that have to 
be respected, [3]: 
 Excessive deformation of the existing embankment and its subsoil; 
 Danger of slope stability failures; 
 Danger of surface erosion for steeper slopes. 
Within these problems, the one that is more severe and that requires greater attention is the one related 
to settlements (need to respect the service ability limit state).  
On more time, considerations about land appropriation must be taken, not only because large difficulties 
arise in this process but also to have the possibility to preserve some parts of the existing construction. 
As in the case of cuttings, the final objective is to reach an optimal solution that takes into account this 
factor among the various available options. 
However, with this some concerns must be taken. The first one is that should be guarantee a good 
interconnection between the old part of the embankment and the new one. The solution of this first 
problem passes by the benching of the contact between the two parts of the embankment (the new and 
the old) or with the use of appropriate materials for the new part. The second concern is that the stability 
of a more accentuated gradient should be guarantee together with its anti-erosion protection. The 
solution of this second problem passes by the reinforcement of the embankment according to the limit 
state of failure. This reinforcement can also have a negative effect, it can bring some additional 
deformation that can influence the service ability limit state, so attention should be paid to this difficult. 
Based on experience, tables and/or graphs, the first step of the project is the definition of the geometry 
and a first estimate of the needed reinforcement. After it is time to the calculation of slope stability and 
of expected settlements, with the influence of the reinforcements, and the comparison of the results with 
the required standards. For last, the design is refined and finalized, it is checked if all requirements are 
met and it is done any changes with the aim of achieving the minimum acceptable value for the safety 
factor (normally this valor is at least 1.0 according to EC7). 
 
3.3.4.1. Fill Lightening 
This kind of material is becoming very famous to decrease the creep settlement that can arise with the 
use of additional materials. 
There are three principal types of these materials that are use very often: ash, light weight aggregates 
from expanded clay and expanded polystyrene (EPS). 
The first of all has basically the same properties as sand. Can be used in the form of flying ash or 
pulverized ash, and come from the burning coal in thermal power stations. 
The second one has a lot of good advantages, namely: great strength, resistance, low absorption rate, 
excellent properties of thermic isolation and, at last but not least, is environment-friendly. Its shape is 
almost circular. This material should be covered with natural soil, or some additives should be add, to 
increase the unconfined strength, bearing capacity, and decrease the sensitivity to surface erosion. 
The last one, EPS, is very stable chemically, with good creep properties, resistant to biological 
destruction and to the deterioration when covered with soil. Nevertheless, some cares must be taken, 
especially when this component is getting into direct with petrol, fire or attack from rodents. 
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3.3.4.2. Reinforcement 
The principal material used in contact reinforcement is geosynthetics. The most common types of this 
material are geotextiles, geogrids and geocells, and can be seen in the figure below. 
 
 
Fig.12 - Types of geosynthetics: a) Geotextile; b) Geogrids; c) Geocells, [12] 
 
The development of the use of geosynthetics is undergoing relatively rapid. For the reinforcement, it 
can be one continuous layer or the combination of more; can be conjugate with certain anchors at the 
edges, or it can be created a wrapped reinforced cushion. 
The cases in soft subsoil are the ones that need more attention, are the more sensitive ones, because the 
elimination of the excessive deformation and the improvement of the load bearing capacity are 
extremely important to the performance of the embankment. 
It is important to point out a fact, the use of reinforcement only provides additional security but does not 
speed up the consolidation. 
For the current case, the most efficient geosynthetic is geogrids. They are synthetic meshes specially 
manufactured for slope stabilization and can be made of high tensile strength plastics or woven polyester 
yarns. They also have a uniformly distributed array of apertures between their longitudinal and 
transverse elements. These apertures allow direct contact between soil particles on either side of the 
sheet, [12]. 
 
3.3.4.3. Retaining Wall – Geosynthetics 
Geosynthetic reinforced soil retaining walls are used widely throughout the world with the advantages 
of low cost, simple construction and the ability to accommodate for deformation, [13]. A typical scheme 
of these walls can be seen in the figure 13. 
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Fig. 13 – Geosynthetic reinforced soil retaining wall, [14] 
 
A geosynthetic-reinforced retaining wall has three basic components, [15]: 
 Backfill, which is usually specified to be granular soil; 
 Reinforcement layers, which are generally geotextile or geogrid layers; 
 Facing element, which is not necessary but usually used to maintain appearance and to 
avoid soil erosion between the reinforcement layers. 
An example of a geosynthetics-reinforced retaining wall that does not need facing element can be seen 
in the figure 14. 
 
 
Fig. 14 - Slope with geosynthetic facing, adapted from [16]. 
 
A geosynthetic can resist to the lateral earth pressure and so it is possible to maintain the stability of the 
backfill. Its presence also causes reduction in the load-carrying requirements of the wall-facing elements 
resulting in material and time saving. Filtration and drainage are secondary functions to be served by 
the geosynthetic in retaining walls, [15]. 
Because of the permanent reinforcement function, high demands are made upon the durability of the 
geosynthetic. The force is transmitted to the geotextile layers through friction between their surfaces 
and soil, and to the geogrid layers through passive soil resistance on grid transverse members as well as 
through friction between the soil and their horizontal surfaces. It is to be noted that the long-term load 
transfer is greatly governed by durability and creep characteristics of geosynthetics, [15] 
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The performance of a geosynthetic-reinforced wall is highly dependent on the type of facing elements 
used and the care with which is designed and constructed. Facing elements can be installed as the wall 
is being constructed or after the wall is built. 
Both ‘Ultimate’ and ‘Serviceability’ limit states should be considered during design.  
The following aspects are considered in ultimate limit state design, [17]: 
 Local stability of the embankment fill; 
 Rotational stability of the embankment fill; 
 Lateral stability of the embankment; 
 Foundation extrusion stability; 
 Overall stability. 
The serviceability limit state considers the following, [17]: 
 Excessive strain in reinforcement; 
 Settlement of foundation. 
 
 
Fig. 15 - Retaining wall based on internal stability with fully in fill, [3] 
 
The solution from the figure 15 is very good for soil reinforcement, but only in the cases of embankments 
built from scratch. This solution is only being mentioned out of curiosity since this work consists of 
landfills that are being extended. 
More specifically, the type of geosynthetics chosen is geogrids, flexible elastic elements that represent 
a grid or sheet of fabric. They have a normal stiffness but with no bending stiffness, can only sustain 
tensile forces and no compression. 
 
3.3.4.4. Retaining Wall – Cantilever  
Cantilever walls can be divided into masonry block or speed block, reinforced concrete cantilever, inside 
stem wall, reverse stem wall, pier supported reinforced concrete walls, cast-in-place reinforced concrete 
piers with interconnecting grade beam, cast-in place caissons with interconnecting underream cones and 
steel H-pile wall. The most common case is L-shape. 
A scheme of this type of retaining walls can be seen in the figure 16. 
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Fig. 16 – L-shape retaining wall, [10] 
 
This type of structure is able to retain the earth behind it by virtue of its internal strength and stiffness. 
Reinforced concrete retaining walls are expensive to build, cannot be built in very cold weather, and are 
not especially attractive. These walls are brittle, and if stresses resulting from differential settlement 
exceed the strength of the concrete, can be developed cracks affecting the structure’s stability and 
appearance, [10]. 
They are built of reinforced concrete in both the footing and wall structures, and is the most common 
type of retaining wall, [18]. 
Regarding to wall stability, should be verified sliding failure, shallow shear failure, deep-seated or base 
failure settlement failure excessive outward tilting, and settlement failure excessive inward tilting. 
 
3.3.4.5. Pile Foundations 
Piles represent one of the oldest methods of deep foundation of constructions of various types and the 
most widely used method of present times, [20]. 
First of all it is important to understand what it is a pile foundation: all systems that transfer vertical load 
from embankment to load bearing strata deeper in the subsoil. It includes traditional piles, vibro concrete 
columns, stone columns and geosynthetic encased columns. It is used to avoid service’s and stability´s 
problems, common in soft subsoils, and underneath the infrastructure, and mainly to reduce settlements.  
The most common case is to build the embankment on piles with load transfer platform from geogrids, 
mainly because of economic and environmental reasons. As expected, settlements and strains in most 
important points on the geogrids need to be monitored and instrumented. 
Piles most commonly carried out in the Czech Republic are bored piles: it is necessary to remove soil 
from the space occupied by the pile in the course of its production, [20]. A scheme of this kind of piles 
can be seen in the figure 17. 
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Fig. 17 - Bored pile scheme, [20] 
 
Bored pile scheme: 
 1a) pile head; 
 1b) working platform; 
 1c) casing; 
 1d) reinforcement (reinforcement cage); 
 1e) soft soil; 
 1f) bearing foundation soil; 
 1g) pile footing. 
The technical process to construct this kind of piles can be seen in the figure 18. 
 
 
Fig. 18 - Technological process of carrying out bored piles cases with steel casing, [20] 
 
Technological process of carrying out bored piles cased with steel casing: 
 3a) starting drilling works, installing the casing into a hole; 
 3b) finishing boring of non-cased part of the hole under the casing; 
 3c) inserting the reinforcement cage into the cleaned and cased hole; 
 3d) pile concreting; 
 3e) pulling the casing out of the concreted hole. 
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Bored piles are designed mainly as deep foundations able to transmit concentrated axial loads (especially 
compressive), but also lateral loads. Due to their carrying capacity given by the suitable choice of 
diameter and clamping into the bearing subsoil, they are very often designed as isolated ones, directly 
forming column foundations of halls and bridges, [20]. 
The piles can also be used in groups, connect on the top through a head by a reinforced concrete footing, 
strip footing or a slab, in cases of enormously heavy loads. 
 
3.3.3.7. Gabions 
 
 
Fig. 19 – Gabions wall 
 
The gabion walls are constructed of baskets by galvanized mesh wire filled with rock, giving them great 
flexibility and allowing them to resist to pressure without deformation, cracking or breakage, [21]. 
Even though they are, in many cases, the most cost effective structural wall available, the increase of 
slope stability is very small when using this type of walls, so its possible application should be carefully 
investigated.  
The type, shape, design dimensions, including materials gabion walls should be chosen in the design 
process, taking into account local conditions, the planned loads and possible deformations of the walls. 
A scheme of this kind of walls can be seen in the figure 19 above. 
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4 
DESCRIPTION OF THE MODEL 
 
 
4.1. INTRODUCTION 
As already mentioned in introduction, this chapter is about describing how the various options for 
railway widening will be modeled. Thus, this chapter is basically divided into two parts. 
In the first part is made a brief description of the programs that will be used, GEO 5 with the purpose to 
test all the chosen options to get an optimum, and PLAXIS 2D with the purpose mentioned in 
introduction, explaining the operation mode of each. Then will be further explained the main analyses 
to be performed by these programs, succinctly explaining in what these analyses are based. 
In a second part will be described the structure adopted and the variables involved. I.e., both cutting as 
embankment, will first be explained the geometry adopted for the cross section of the route, followed 
by the explanation of which kilometer is chosen for the analysis from whole longitudinal profile. It will 
be further described the properties of the subsoil of this section and, finally, taking into account the main 
characteristics of this kilometer, what options amongst the ones described in chapter 3 that best fits. 
 
4.2. PROGRAMS AND METHODS 
4.2.1. GEO 5 
Geotechnical problems can be solved resorting to the GEO 5 software, once is a very simple and 
powerful tool, based on traditional analytical methods and Finite Element Methods (FEM). These 
analytical methods allow to design and verify structures quickly and efficiently. The design structure 
can be transferred into FEM applications which allow to compare two independent solutions increasing 
the design safety. However in this paper this second analysis will not be performed, [23]. 
It consists of a set of individual programs, each one used for a different geotechnical task.  
It significantly simplifies the work once it offers a lot of different standards allowing to use whatever 
approach that is required.  
This program will be used to analyze all the chosen options for railway widening of the section that will 
be analyzed. 
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4.2.2. PLAXIS 2D 
PLAXIS is intended for 2-Dimensional and 3-Dimensional geotechnical analysis, for example 
deformation, stability of soil structures, as well as groundwater and heat flow, in geo-engineering 
applications. It is based on the finite element method. 
The analysis effectuated on this program will be in 2D. Although this is not a real situation, PLAXIS 
2D is a user friendly geotechnical program offering flexible and interoperable geometry, realistic 
simulation of construction stages, a robust and reliable calculation kernel, and comprehensive and 
detailed post-processing, making it a complete solution for your daily geotechnical design and analysis, 
[24]. 
The user interface consists of three sub-programs, Input, Calculations and Output. The Input program is 
a pre-processor where is defined the problem geometry and where is created the finite element mesh. 
The Calculations program is used to define and execute finite element calculations. The Output program 
is a post-processor where is inspected the results of calculations and where is possible to plot graphs of 
output quantities of selected geometry points. 
This program will be used to analyze just one of all options for railway widening, namely the optimal 
solution. 
 
4.3. DESCRIPTION OF ANALYSES TO BE PERFORMED – GEO 5 
4.3.1. SLOPE STABILITY 
Depending on the slope's type to be analyzed, natural, nailed, anchored, etc., different types of analyses 
have to be performed. However, for all is fundamental an analysis of slope stability.  
The structure can be verified according to the factor of safety or the theory of limit states. It will be 
chosen to do the verification according to the theory of limit states, soil parameters (angle of internal 
friction, cohesion) will be reduced using the design coefficients adopted. Then, the value of utilization, 
Vu, is calculated and compared with the value of 100%, [25]. The value of utilization is given by: 
 
 
V୳ = M୰ୣୱM୭୴୰ × ɀୱ × ͳͲͲ < ͳͲͲ% (1) 
 
Wherein: 
 Mres – resisting moment; 
 Movr  –  overturning moment; 
 Ȗs – coefficient of overall stability of structure.  
There are two different options regarding this analysis, a first one considering a circular slip surface and 
a second one considering a polygonal slip surface.  
For both analyzes, circular and polygonal, can be chosen one between two hypotheses: 
 "Analysis type standard":  manually enter the slip surface and calculate the safety factor; 
 "Analysis type optimization ": calculates the lowest factor of safety, where the program 
automatically searches the most critical surface. 
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4.3.1.1. Circular Slip Surface  
This method, based on limit equilibrium, assumes that the soil body above the slip surface is subdivided 
into blocks. Those blocks are divided by planes always vertical. Forces acting on individual blocks can 
be seen in the figure below, [25]. 
 
 
Fig. 20 - Static scheme of slice, GEO 5 - User’s Guide [25]  
 
 Xi and Ei – shear and normal forces acting between individual blocks; 
 Ti and Ni – shear and normal forces on individual segments of the slip surface; 
 Wi – weight of individual block. 
Groundwater influences the analysis in two different ways, when calculating the weight of the soil block 
and when determining the shear forces (is fundamental to note that these forces are related with effective 
soil parameters).  
The method adopted was Bishop between Fellenius/Petterson, Bishop, Spencer, Janbu, Morgenstern-
Price, Shahunyants and ITF Method. Despite it is a conservative method in cases involving internal 
distortion, and possibility of being incorrect with external horizontal forces, Bishop is a very efficient 
and accurate method for circular surfaces.  All those methods differ in their assumptions of satisfying 
the force equations of equilibrium and the moment equation of equilibrium, with respect to the center 
O. The simplified Bishop method assumes zero Xi forces between blocks. 
Factor of safety, FS, is calculated trough an iterative method, using the equation (2) below: 
 
 
FS = ͳ∑ W୧. sin Ƚ୧୧ . ∑ c୧. b୧ + ሺW୧ − u୧. b୧ሻ. tan φ୧cos Ƚ୧ + tan φ୧. sin Ƚ୧FS୧  (2) 
 
Wherein: 
 αi – inclination of the segment of the slip surface; 
 ci – effective cohesion of soil: 
 bi – horizontal width of the block; 
 ui – pore pressure within block; 
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 φi – effective internal friction angle of soil.  
 
4.3.1.2. Polygonal Slip Surface  
Slip surface subdivided into blocks, by diving planes, and the solution of slope stability is found 
determining the limit state of forces acting on the soil above this block. Those planes are normally 
assumed vertical despite this is not a required condition, [25]. 
The method adopted was Janbu between Sarma, Spencer, Janbu, Morgenstern-Price, Shahunyants and 
ITF Method. Despite it is a usually more conservative method, and that requires correction factors, it is 
very efficient, more than the other methods, and good for shallow slides. This method is developed on 
the basis of limit equilibrium, i.e., the equilibrium of forces and moments acting on individual blocks 
must be satisfied. Forces acting on individual blocks can be seen in the following figure: 
 
 
Fig. 21 - Static scheme – Janbu method, GEO 5 - User’s Guide [25] 
 
Wherein: 
 Wi – block weight; 
 Ni – normal force on the slip surface; 
 T – shear force on the slip surface; 
 E i,Ei+1 – forces exerted by neighboring blocks, they are inclined from horizontal plane by 
angle δi resp. δi+1 and lie at the height zi resp. zi+1 above slip surface; 
 Fxi, Fyi – other horizontal and vertical forces acting on block; 
 M1i – moment from forces Fxi, Fyi rotating about point M, which is the center of the ith 
segment of slip surface; 
 Ui – pore pressure resultant on the ith segment of slip surface. 
This method assumes that, [25]: 
 The division into planes between blocks is always vertical; 
 The line of action of weight of block Wi passes through the center of the ith segment of slip 
surface represented by point M; 
 The normal force Ni is acting in the center of the ith segment of slip surface, at point M; 
 Position zi of forces Ei acting between blocks is assumed, but with special careful once this 
influences the convergency of method. 
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The expressions adopted for this solution will be described below. 
Relationship between effective and total value of the normal force acting on the slip surface: 
 
 N୧ =  N′୧ + U� (3) 
 
Mohr-Coulomb condition representing the relation between the normal and shear forces on a given 
segment of the slip surface: 
 
 
T୧ = ሺN୧ − U୧ሻ tan φ୧ + b୧cos Ƚ୧ (4) 
 
Force equation of equilibrium in the direction normal to the ith segment of the slip surface: 
 
 
N′୧ + U୧ − W୧. cos Ƚ୧ + K୦. W୧. sin Ƚ୧ + Fy୧. cos Ƚ୧− Fx୧. sin Ƚ୧ + E୧+ଵ. sinሺȽ୧ − Ɂ୧+ଵሻ − E୧. sinሺȽ୧ − Ɂ୧ሻ = Ͳ (5) 
 
Equilibrium along the ith segment of the slip surface: 
 
 
N′୧. tan φ୧FS + c୧FS . b୧cos Ƚ୧ − W୧. sin Ƚ୧ − K୦. W୧. cos Ƚ୧+ Fy୧. sin Ƚ୧ + Fx୧. cos Ƚ୧ − E୧+ଵ. cosሺȽ୧ − Ɂ୧+ଵሻ + E୧. cosሺȽ୧ − Ɂ୧ሻ = Ͳ (6) 
 
Wherein: 
 FS is the factor of safety used to reduce the soil parameters. 
 
Moment equation of equilibrium about point M: 
 
 
E୧+ଵ. cos Ɂ୧+ଵ (z୧+ଵ − b୧ʹ . tan Ƚ୧) − E୧+ଵ. sin Ɂ୧+ଵ. b୧ʹ− E୧. cos Ɂ୧. (z୧ − b୧ʹ . tan Ƚ୧) − E୧. sin Ɂ୧. b୧ʹ + Mͳ୧ − K୦. W୧. ሺy୑ − y୥୧ሻ = Ͳ (7) 
 
Wherein: 
 ygi is the vertical coordinate of the point of application of the weight of block; 
 yM is the vertical coordinate of point M: 
Forces Ei acting between blocks can be calculated from the follow formula, modifying equations (5) and 
(6): 
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E୧+ଵ = [ሺW୧ − Fy୧ሻ. cos Ƚ୧ − ሺK୦. W୧ − Fx୧ሻ. sin Ƚ୧ − U୧ + E୧. sinሺȽ୧ − Ɂ୧ሻ]. tan φ୧FSsinሺȽ୧ − Ɂ୧+ଵሻ. tan φFS + cosሺȽ୧ − Ɂ୧+ଵሻ + 
+ c୧FS . b୧cos Ƚ୧ − ሺW୧ − Fy୧ሻ. sin Ƚ୧ − ሺK୦. W୧ − Fx୧ሻ. cos Ƚ୧ + E୧. cosሺȽ୧ − Ɂ୧ሻsinሺȽ୧ − Ɂ୧+ଵሻ. tan φFS + cosሺȽ୧ − Ɂ୧+ଵሻ  
(8) 
 
This solution assumes that at the slip surface origin the value of E is zero. 
Angles δi can be calculated through the equation (9), which is derived through equation (7): 
 
 
Ɂ୧+ଵ = arctan (ʹ. z୧+b୧ + tan Ƚ୧) − arcin E୧ ቀcos Ɂ୧ ቀz୧ − b୧. tan Ƚ୧ʹ ቁ + sin Ɂ୧. b୧ʹቁ − MliE୧+ଵ. √ቀz୧+ଵ + b୧. tan Ƚ୧ʹ ቁଶ + ቀb୧ʹቁଶ  (9) 
 
The factor of safety, FS, is determined by the following iterative process, [25]: 
 The initial value of angles are set to zero δi = 0 and positions zi to approximately one third 
of interface height; 
 The factor of safety FS for a given value of δi follows from equation (6), while assuming 
the value of En+1 = 0 at the end of the slip surface; 
 The value of δi is provided by equation (7) using the values of Ei determined in the previous 
step; 
 Steps 2 and 3 are then repeated until the value of FS does not change. 
This method is a rigorous one, with the inconvenience that mostly these kinds of methods converge 
worse than the simpler ones (for example Bishop or Fellenius). 
 
4.3.2. INTERNAL STABILITY  
This type of analysis assumes high importance in nailed slopes. As is known, the construction of such 
embankments consists of a phased construction, first excavate a part, reinforces this part, excavate a 
second part, reinforces this part, and so on. So, this analysis is of great significance once it examines 
phase to phase the slope stability. 
Two types of slip surface can be assumed: 
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Fig. 22 - Types of slip surface: a) Plane slip surface; b) Broken slip surface, GEO 5 - User’s Guide [25] 
 
It will be assumed the first one.  
Again, the analysis to be performed is of the type "optimization", in which the calculation is made 
ranging with a one degree step the angle of slip surface, ν, in a range of 1 to 89 degrees.  
The verification analysis can be performed again or using the factor of safety or the theory of limit states. 
One more time the analysis will be based on the theory of limit states, where it is checked whether the 
passive (resisting) forces acting on a slip surface are greater than the active (shear) forces. 
Passive forces: 
 
 
F୮ = F୦. cosሺɋ + Ƚሻ + Fୡୢ (10) 
 
 
F୦ = ∑ F୦,୬ (11) 
 
 Fୡୢ = ∑ d୲d . ሺG. cos ɋ + F୦. sinሺɋ + Ƚሻሻ. tan φ୧ + ∑ d୧. c୧ (12) 
 
Active forces: 
 
 
Fୟ = (G + Sୟ,ୱ୴). sin ɋ + Sୟ,୴୭ୢ − cos ɋ (13) 
 
Where: 
 G – gravity force; 
 Sୟ,ୱ୴ – vertical component of active pressure; 
 Sୟ,୴୭ୢ – horizontal component of active pressure; 
 d୧ – length of ith section slip surface; 
 d – length of slip surface; 
 F୦,୬ – bearing capacity of nth nail behind slip surface per 1 running meter; 
 c୧ – cohesion of ith soil layer; 
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 φ୧ – angle of international friction of ith layer; 
 ν – inclination of slip surface; 
 α – inclination of nails from horizontal direction. 
 
Shear forces: 
 Component of gravity force parallel to slip surface; 
 
Resisting forces: 
 Soil friction and cohesion along slip surface; 
 Sum of forces transmitted by nails. 
 
4.3.3. VERIFICATION 
This calculation consists on verify the wall security to overturning and translation, due to the forces 
acting on it. It will be checked in the case of nailed slopes and retaining walls.   
Again, once the analysis is based on the theory of limit states, it is checked whether the passive 
(resisting) forces acting on a slip surface are greater than the active (shear) forces. 
The forces acting in our model are gravity force, active pressure, water pressure and surface’s surcharge. 
 
4.3.4. BEARING CAPACITY 
Analysis of bearing capacity will be made only in the case of retaining walls. 
On GEO 5 software, the "Bearing capacity" frame displays the results from the analysis of foundation 
soil bearing capacity. The stress in the footing bottom (assumed constant) is derived from all 
verifications performed in the frame "Verification".  
Three basic analysis options are available on this software: 
 Input the foundation soil bearing capacity; 
 Compute the foundation soil bearing capacity using the program "Spread footing" pressing 
the "Run Spread footing" button. Pressing the "OK" button leaves the analysis regime – the 
results and all plots are copied to the program "Gravity wall".  
 Do not compute (pile footing): The foundation soil bearing capacity is not computed. 
One more time the methodology adopted is according to the theory of limit states, using the following 
inequality, [25]: 
 
 
σ = VAୣ୤ ≤ RୢɀୖD (14) 
 
Wherein: 
 σ – extreme design contact stress at the footing bottom; 
 V – extreme design vertical force; 
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 Aef – effective area of foundation; 
 Rd – design bearing capacity of foundation soil; 
 ȖRV – coefficient of vertical bearing capacity of foundation. 
 
 Rୢ =  q୳୪୲ =  Q୳୪୲ Aୣ୤⁄  (15) 
 
As can be seen in the equation (15) above, Rd corresponds to the limit load of the foundation divided by 
the effective area of the foundation. It will be further explained how to get this value below. 
The problem of evaluation of resistance to load of a foundation, is treated in the framework of Theory 
of Plasticity, using analysis limit methods, according to Matos Fernandes [6]. The general expression of 
resistance to load of a footing, according to Terzaghi [32], is the equation (16), and this model considers 
that bearing capacity of the foundation is composed of three parts, one related to cohesion, other with 
lateral surcharge and the last with the friction. 
 
 q୳୪୲ = c′ × Nୡ + q′ × N୯ + ͳʹ × B′ × ɀ × Nγ (16) 
 
Wherein: 
 c’ – cohesion of foundation soil (kPa); 
 q’ – effective vertical stress at the base of the footing (kPa); 
 B’ – effective width of the foundation (m); 
 Ȗ – unit weight of foundation soil (kN/m3); 
 Nc, Nq, NȖ – bearing capacity coefficients, dimensionless, obtained through ϕ (angle of 
internal friction); 
These three coefficients can be obtained through the following expressions, (17), (18), (19): 
 
 N୯ = eπ×୲୥ ϕtgଶ (πͶ + ϕʹ) (17) 
 
 
Nୡ = (N୯ − ͳ) × cotg ϕ (18) 
 
 
Nγ = ʹ × (N୯ − ͳ) × tg ϕ (19) 
 
To make the expression (16) more realistic, more dimensionless' coefficients will be introduced in this 
expression, to yield the equation (20); 
 
 q୳୪୲ = c. Nୡ. sୡ. iୡ. bୡ. gୡ. fୡ + q. N୯. s୯. i୯. b୯. g୯. f୯ + ͳʹ . ɀ. B. Nγ. sγ. iγ. bγ. gγ. fγ (20) 
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Almost all the parameters already were discriminated in the expression (16). The new ones can be seen 
in the figure 23, calculated through the expressions (21) to (32), and are: 
 sc, sq, sȖ – corrective coefficient taking into account footing's shape; 
 ic, iq, iȖ – corrective coefficient taking into account load’s inclination; 
 bc, bq, bȖ – corrective coefficient taking into account inclination of the foundation base; 
 gc, gq, gȖ – corrective coefficient taking into account inclination of the terrain surface; 
 fc, fq, fȖ – corrective coefficient taking into account proximity to “bed rock”. 
 
 
Fig. 23 - Practical situations to calculate bearing capacity of a foundation soil and respective corrective 
coefficients, adapted from Fernandes [6] 
 
In this figure can also be seen the cases where these corrective coefficients are unit. 
 
 
sୡ = s୯N୯ − ͳN୯ − ͳ  (21) 
 
 s୯ = ͳ + BL senሺϕ′ሻ (22) 
 
 sγ = ͳ − Ͳ,͵ × BL (23) 
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iୡ = i୯ − ͳ − i୯Nୡ × tgሺϕሻ (24) 
 
 i୯ = (ͳ − HV + B × L × c′ × cotgሺϕ′ሻ)୫ (25) 
 
 iγ = (ͳ − HV + B × L × c′ × cotgሺϕ′ሻ)୫+ଵ (26) 
 
 
bୡ = b୯ − ͳ − b୯Nୡ × tgሺϕ′ሻ (27) 
 
 
b୯ = ሺͳ − Ɍ × tgሺϕ′ሻሻଶ (28) 
 
 
bγ = ሺͳ − Ɍ × tgሺϕ′ሻሻଶ (29) 
 
 
gୡ = g୯ − ͳ − g୯Nୡ × tgሺϕ′ሻ (30) 
 
 
g୯ = ሺͳ − tgሺȾሻሻଶ (31) 
 
 
gγ = ሺͳ − tgሺȾሻሻଶ (32) 
 
Wherein: 
 m = mୠ = ଶ+ሺB/୐ሻଵ+ሺB/୐ሻ  when H is parallel to B; 
 m = m୪ = ଶ+ሺ୐/Bሻଵ+ሺ୐/Bሻ  when H is parallel to L. 
 
The corrective coefficients, fc, fq and fγ, relative to the proximity to the "bed rock" below the foundation, 
are obtained through the figure 24. 
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Fig. 24 - Values of the corrective coefficient fc, fq, fȖ, adapted from Fernandes [6] 
 
The last expressions that matter refer are the ones to calculate the effective dimensions, (33) and (34): 
 
 B′ = B − ʹ × e୶ (33) 
 
 
L′ = L − ʹ × e୷ (34) 
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 e୶ = M୷V  (35) 
 
 e୷ = M୶V  (36) 
 
4.3.5. SETTLEMENT 
This analysis is highly relevant only to embankments. 
It is a deformation of the ground caused by a stress change in the soil or in the currently build earth 
structure. This deformation is usually inclined, with the term "settlement" used to denominate its vertical 
component.  
It does not occurs immediately after the introduction of a surcharge, i.e., is non-stationary dependent on 
time, and influenced by the consolidation characteristics of the soil. For example, permeable soils less 
compressible (as sand or gravel) deform faster while less permeable soils (as clayey soils) undergo a 
gradual deformation called consolidation, [25].  
 
 
Fig. 25 - Deformation versus time, GEO 5 - User’s Guide [25] 
 
 
Based on time response, settlements can be divided into three separate components: 
 Instantaneous settlement (initial);  
 Primary settlement (consolidation);  
 Secondary settlement (creep). 
The first one, instantaneous settlement, consists in change of soil shape without volumetric 
deformation. The soil only suffers shear deformation and the loss of pore pressure is null. 
At the stage of the second one, primary settlement, there are already change of volume and pore 
pressure. The deformation is of skeleton due to motion and compression of grains. In the case of pores 
filled with water, this will be transferred from compressed areas to the ones with low pressure (soil 
consolidation). Thus, this settlement is time dependent and is terminated by reaching zero excess pore 
pressure. 
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When the primary consolidation is over, the skeleton deformation will no longer cause the change in 
pore pressure, and a third kind of deformation will happen, secondary consolidation. With increasing 
pressure the grains may become so closely packed that they will start to deform by themselves and the 
volumetric changes will not stop. Contrary to what happened previously, deformation with change of 
stress, this deformation takes place under constant effective stress. This should be taken into account 
with special attention in the case of soft plastic or squash soils, once it can represent, in some cases (for 
example normally consolidated soils) 20% of the overall settlement. 
When calculating the numerical value of the settlement the general approach, in all theories, consists of 
subdividing the subsoil into layers and calculating the vertical deformation of each layer. Then, the 
overall settlement is calculated through the equation (37), i.e., sum of partial settlements of each layer. 
 
 
s = ∑ Δs୧ (37) 
 
Wherein:  
 s – settlement; 
 Δsi – settlement of the ith layer. 
From all the available methods on the program to compute settlement it was chosen to do the analysis 
with the help of oedometric modulus. 
 
4.4. DESCRIPTION OF ANALYSES TO BE PERFORMED – PLAXIS 2D 
4.4.1. INITIAL STRESS GENERATION 
The initial stress in a soil body is influenced by the weight of the material and the story of its formation, 
and its specification is required. Is generally characterized by an initial vertical effective stress, relating 
then to the initial horizontal effective stress through the coefficient of lateral earth pressure, as can be 
seen in the equation (38) below. 
 
 
σ′୦,଴ = K଴. σ′V,଴ (38) 
 
Wherein: 
 σ′୦,଴ – Initial horizontal effective stress; 
 K଴ – Coefficient of lateral earth pressure; 
 σ′V,଴ – Initial vertical effective stress. 
There are two available options to generate the initial stresses, K0 procedure and Gravity Loading. The 
first is the chosen one, once is the most appropriate in cases with horizontal surface, and soil layers and 
phreatic levels parallel to that surface. 
In practice, the value of K0 for a normally consolidated soil is frequently assumed to be related to the 
friction angle, by the empirical expression (39), [29]: 
 
 k଴ = ͳ − sin ϕ (39) 
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In an over-consolidated soil, is expected to this value be larger than the value given by the expression. 
For the Mohr-Coulomb model, the default value is based on this formula, but for the advanced models 
(for example Hardening Soil, Soft Soil model, Soft Soil Creep modes, etc.) is influenced by the 
overconsolidation ratio (0CR). However, in principle, the Mohr-Coulomb model will be adopted. 
Using very low or very high K0 values may lead to stresses that violate the Mohr-Coulomb failure 
condition. In these cases the software automatically reduce the lateral stresses such that the failure 
condition is obeyed. Hence, these stress points are in a plastic state and are thus indicated as plastic 
points.  
In this option, PLAXIS 2D generate vertical stresses that are in equilibrium with the self-weight of the 
soil, however, horizontal stresses are calculated from the specified value of K0, and this procedure does 
not ensure that the complete stress field is in equilibrium. Full equilibrium is only obtained for a 
horizontal soil surface with any soil layers parallel to this surface and a horizontal phreatic level.  
At the end of the K0 procedure, the full soil weight is activated and so this parameter cannot be changed 
in any other calculation phase. 
 
4.4.2. PLASTIC CALCULATION 
This calculation is used to carry out an elastic-plastic analysis in which it is not necessary to take into 
account the decay of excess pore pressure with time. 
Although a time interval can be specified, a plastic calculation does not take into account time effects. 
To soils with undrained behavior the Undrained Options should be selected but, on the other hand, 
performing a fully drained analysis can assess the settlements on the long term, giving a reasonably 
accurate prediction of the final situation, [26]. 
 
4.4.3. SAFETY CALCULATION 
The safety calculation type is an option to compute global safety factors. 
In this approach, the strength parameters tan ϕ and c of the soil as well as the tensile strength are 
successively reduced until failure of the structure occurs. In principle, the dilatancy angle ψ is not 
affected with this procedure. The strength of structural objects like plates and anchors is not influenced 
by a Safety calculation, [26]. 
The total multiplier ƩMsf is used to define the value of the strength parameters at a given stage in the 
analysis, by the equation (40). At the start of a calculation is set to 1.0 to set all material strengths to 
their input values, [26]. 
 
 
∑ Msf = tan ϕ୧୬୮୳୲  tan ϕ୰ୣୢ୳ୡୣୢ = c୧୬୮୳୲c୰ୣୢ୳ୡୣୢ (40) 
Wherein: 
 Parameters with the subscript “input” refer to the properties entered in the material sets; 
 Parameters with the subscript “reduced” refer to the reduced values used in the analysis.  
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The strength parameters are successively reduced automatically by steps, so a “Load advancement 
number of steps” procedure should be adopted and, at first, the final step results in a fully developed 
failure mechanism. In that case, the safety factor is given by the equation, [26]: 
 
 
SF = available strengthstrength at failure = value of ƩMsf at failure  (41) 
  
 
To capture the failure of the structure accurately, the use of Arc-length control parameter is required, 
which consists in a procedure to obtain reliable collapse loads for load-controlled calculations. 
Stiffness is calculated at the beginning of the calculation phase based on the starting stresses and kept 
constant until the calculation phase is compete. 
 
 4.5. STRUCTURE AND VARIABLES INVOLVED 
4.5.1. CUTTING 
4.5.1.1. Geometry 
Taking into account the principles mentioned above, following some indications of the project and 
checking Czech literature on this subject - principally the manual "Zeleznicni pozemné 1" used in 
CVUT, it was reached the cross section's geometry of the excavation described below in the figure 26.   
Normally the shape and dimensions of the railway, determined by the width of the railway substructure, 
notch depth, type of material in which it is necessary to excavate notch, and the overall inclination, are 
all chosen according to the results of the geotechnical assessment.  
 
Fig. 26 – Cutting cross section geometry 
 
Track gauge is defined as the distance of edges of opposite rails, measured at the cross section of the 
track, as can be seen in the figure 27. The value of 1435mm is referred as a normal track gauge, used 
primarily on railway tracks in Central and Western Europe, North America, Middle East, Australia and 
China. 
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Fig. 27 - Track gauge 
 
At the bottom of the slope there is a level of about 0.4 m designed to water retention. 
 
4.5.1.2. Section chosen to be analyzed 
The section that was chosen to analyze was the corresponding to the highest height digging, because it 
is the more critical in principle. This section has a height about 25m and lies between km 111.600 and 
km 111.700, approximately km 111.640. 
This section’s profile can be seen in the picture 28 below, where can also be seen the proposed design 
to the slope, according to the project.  
 
Fig. 28 - Highest height cross section 
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Querying the longitudinal profile of the track available in the document  "Geotechnický, 
Hydrogeologický a Stavebnetechnický Průzkum - Zdvoukolejnění v. km 110.500 to 111.835" provided 
in the project, it is possible to see the geotechnical profile of the section under consideration, the 
distribution of different soils and the position of the groundwater level. This document is available in 
annex 1.  
This geotechnical zoning was based on boreholes. However, as can be seen in the figure 29 below, at 
the concerned km the borehole did not reach great depth, not enough to have a thorough knowledge of 
this zoning. Thus, it was used the boreholes immediately before and after, respectively J660 and JS2. 
Documents relating to these boreholes can be found in the annex 1. 
 
Fig. 29 - Part of the longitudinal profile, where can be seen the details of the section in question 
 
After the analysis of these documents it can be reached the following geotechnical profile: 
 0m-1m: Soil Q2d corresponding to the symbol F4/MCS (sandy clay); 
 1m-2.5m: Soil M1 corresponding to the symbol R6/CS (sandy clay); 
 2.5m-3.5m: Soil M2 corresponding to the symbol R5 (bed rock); 
 3.5m-25m: Soil M3 corresponding to the symbol R4 (bed rock). 
Also the water level can be withdrawn by analyzing this figure, lying 8.5 meters above the railway 
platform. 
It should be noted that the layers' thickness is approximate and not exact because it had to be estimated 
from thicknesses obtained by other boreholes. 
The soils' symbols are according to the Czech Republic norm ČSN 7γ 61γγ. 
 
4.5.1.3. Properties of soil 
The characteristic values of the soils constituents of the section in question, values needed to input on 
the program, were available in tables in two different documents provided in the project, “Geotechnický, 
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Hydrogeologický a Stavebnětechnický Průzkum - Souhrnná Zpráva” and "Geotechnický, 
Hydrogeologický a Stavebnetechnický Průzkum - Zdvoukolejnění v. km 110.500 to 111.835". These 
tables were based on the macroscopic description and laboratory tests, carried out during the 
investigation phase. The document that was used was the second one once our kilometer it is situated in 
that interval, and so the values are more accurate. 
These values can be seen in the table below.   
The tables from the document that were consulted can be seen in annex 1. 
 
Table 1- Characteristics of the soils 
Geotechnical Type Ȗ [kN.m-3] Edef [MPa] c [kPa] ɸ (º) � (-) 
Q2d 18.1 8 18 27 0.35 
M1 20.7 10 15 27 0.35 
M2 21.5 35 29 26 0.32 
M3 23.5 200 40 33 0.27 
 
Besides what is described on the table, it is also necessary to know the value of saturated unit weight 
but this was not available on the referred documents. In that way the value that was adopted was the unit 
weight plus 2. 
Another parameter that is necessary is the angle of friction structure-soil and, based on the knowledge 
of the author, was adopted the following value: β/γ×ɸ. 
Is important to note that the soils M2 and M3 are rocks and, therefore, the values of friction angle and 
cohesion are approximate since they are estimated. 
 
4.5.1.4. Practical cases that will be analyzed  
Taking into consideration all the characteristics and geometry of the section mentioned above, from all 
the solutions available and described on the third chapter, only these will be analyzed: 
 Natural Slope: Analyses of a slope without any kind of reinforcement, changing the 
inclination until find a stable slope; 
 Nailed Vertical Slope: Analyses by attempts until find nails that guarantee the stability of 
a vertical slope; 
 Nailed Inclined Slope: Analysis until find the equilibrium between a steep slope and nails 
not too costly; 
 Anchors: Like mentioned above, analysis until find the equilibrium between a steep slope 
and anchors not too costly; 
 Retaining wall combined with reinforced slope: Since this is a very deep excavation the 
analysis is a combination between a retaining wall with reinforced slope, trying to find the 
more account solution. 
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4.5.2. EMBANKMENT 
4.5.2.1. Geometry 
Like happened to the cutting, taking into account the same principles mentioned in the subchapter 
“Typical Cross Section”, following the indications in the project and consulting Czech literature on this 
subject, it was reached the cross section's geometry of the embankment, described below on figure 30. 
Normally the shape and dimensions of the railway, determined by the width of the railway substructure, 
notch depth, type of material in which it is necessary to excavate notch, and the overall inclination, are 
all chosen according to the results of the geotechnical assessment.  
It was adopted the value of 1435 mm to the track gauge, like to the cutting, for the same reasons. 
 
 
Fig. 30 – Embankment cross section geometry 
 
4.5.2.2. Section chosen to be analyzed 
Once again, in principal, the more critical section must be the one with the highest height, and so must 
be the one analyzed. However, to the embankment, this section corresponds to a bridge, which hampers 
a little bit the analyses. Therefore, the section chosen to be analyzed is a bit after this bridge and 
corresponds to the km 109.800. 
This section’s profile and the proposed design given in the project can be seen in the figure below. 
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Fig. 31- Most critical cross section 
 
As can be seen in the figure, this embankment is constituted of two different layers. A part of the old 
embankment will be maintained- A), a part will be replaced for the new material – B),  and a new part 
will be constructed with the same material of the B) part – C).  
Can be also seen in the picture that the inclination of the old part of the embankment is missing. 
However, with some calculations, it was possible to reach this inclination. First it was needed the 
distance between the two points on the bottom of the slopes, and this value was obtained with the help 
of a design provided in the project. Then it was needed the distance between the two points in the top of 
the two slopes and this value was obtained through the line’s dimensions as explained in the geometry 
part. For last with these distances it was reached the coordinates of the first and last point of the old 
slope and with these coordinates it was calculated the inclination. 
As happened for the cutting, consulting the longitudinal profile provided in the project, document 
“Geotechnický, Hydrogeologický a Stavebnětechnický Průzkum - Přeložka v úseku km 95,β00-
110,500”, is possible to do geotechnical survey of the section in question (characteristics of different 
soil layers and position of the water level). 
This geotechnical zoning was based on boreholes, once again. For this case it were used two different 
boreholes, a first one to know the characteristics of the existing embankment – J664 and a second one 
to know the characteristics of the foundation soil – J647. 
All the mentioned documents can be seen in annex 1. 
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Fig. 32 - Part of the longitudinal profile, where can be seen the details of the section in question 
 
By analyzing the figure it can be mentioned that the subsoil, although of good quality because it is rock, 
cannot be as competent as expected once it is near a tectonic fault. 
After the analysis of the document with this longitudinal profile, it can be reached the following 
geotechnical profile of the foundation soil: 
 0-2.5: Soil Q2f corresponding to the symbol F4/CS (sandy clay); 
 2.5m-6m: Soil Q7f corresponding to the symbol G5/GC (clayey gravel); 
 6m-8m: Soil M3 corresponding to the symbol R4 (bed rock); 
 >8m: Soil M4 corresponding to the symbol R3 (bed rock). 
These heights are measured from first black dashed line, which can be seen in the picture above, in the 
section corresponding to the km 109.78.  
Also the water level can be withdrawn by analyzing this figure, lying 22.5 meters below the railway 
platform.  
The soils' symbols are according to the Czech Republic norm ČSN 7γ 61γγ. 
 
4.5.2.3. Properties of soil 
Once again, were available two different documents in the project with the main characteristics of the 
soils. One it is in common to the embankment and the cutting, “Geotechnický, Hydrogeologický a 
Stavebnětechnický Průzkum - Souhrnná zpráva” and the other is relative to a specific interval, 
“Geotechnický, hydrogeologický a Stavebnětechnický průzkum - Přeložka v úseku km 95,β00-
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110,500”. Since our kilometer it is situated in this interval, it was the table from the second document 
that was used. 
These values can be seen in the table below.   
The tables from the document that were consulted can be seen in annex 1. 
 
Table 2- Characteristics of the soils 
Geotechnical Type Ȗ [kN.m-3] Edef [MPa] c [kPa] ɸ (º) � (-) k [m/day] 
Q2f 18 5 14 23 0.35 2.880E-02 
Q7f 19.5 50 4 30 0.30 3.600E-02 
M3 23.5 200 40 33 0.27 1.800E-04 
M4 25 400 46 38 0.22 3.600E-07 
 
In this case, as can be seen in the table, was necessary to characterize a new parameter, the coefficient 
of permeability, k. Once that, as already mentioned, to the embankments is of extreme importance 
evaluating the settlement, this parameter is needed to characterize. This value was available just in the 
first document mentioned above, “Geotechnický, Hydrogeologický a Stavebnětechnický Průzkum - 
Souhrnná zpráva”, and sometimes in the form of an interval, adopting in such cases the average interval 
value. 
In addition to the sub-soil, it is also necessary to characterize the soil of old and new embankment. In 
the plan of fig 30, this information was also provided. The new embankment is a well graded gravel 
(GW), dense, and the old embankment is a gravel with trace of fines (GF), dense. The characteristic 
values of these types of soils can be seen in the table below. 
Table 3 - Characteristics of the soils 
Geotechnical Type Ȗ [kN.m-3] Eoed [MPa] c [kPa] ɸ (º) � (-) 
Old Embankment 20 478 5 35 - 
New Embankment 20 114 0 35 - 
 
Comparing the two tables, 2 and 3, can be noted two differences.  
The first one is that in the first table is described the deformation modulus of the soil while in the second 
table is described the oedometric modulus of the soil. The explanation is simple, the value available in 
the tables of the project was the value of the deformation modulus and, however, the two additional soils 
were not described on those tables. So, to discover that value, it was resorted to the GEO 5 software. 
Once it is known the type of soil, the program allows to consult some characteristic values, giving an 
interval to each one, and being the characteristic value available in this function the oedometric modulus. 
So, to characterize these two new soils, from the old and new embankment, was chosen the average 
from that interval. 
The second difference is that in the table 3 is not described the coefficient of permeability to the two 
additional soils. This is explained by the fact that these two soils do not consolidate once they are out of 
the groundwater level. 
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Once more, some final notes should be taken into account: 
 It was adopted, again, to the saturated unit weight the unit weight value plus 2;  
 For the angle of friction structure-soil was adopted the value β/γ×ɸ; 
 Soils M3 and M4 are rocks and, therefore, the values of friction angle and cohesion are 
approximate since they are estimated. 
 
4.5.2.4. Widening’s options that will be analyzed  
Taking into consideration all the characteristics and geometry of the section mentioned above, from all 
the solutions available and described on the third chapter, only these will be analyzed: 
 Natural Slope: Since this is an embankment with two different types of soil two different 
analysis' attempts will be made. A first with the two slopes, from the old and the new 
embankment, parallel and a second with a lower inclination of the new slope, because it is 
a non-cohesive soil;  
 Slope reinforced with geogrids: Is easy to predict that an analysis with a steeper slope to 
the new embankment is impossible, due to its non-cohesive character. However, one of the 
most important factors to take into account when choosing the widening option is the land 
appropriation. So, the analysis of this case is fundamental and only possible through the 
soil reinforcement with geogrids. 
Because this is an embankment with really big dimensions, most of the hypotheses mentioned in chapter 
3 are not an option.   
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5 
PROGRAM IMPLEMENTATION AND 
EVALUATION 
 
 
5.1. INTRODUCTION 
Afterwards the selection, in the previous chapter, of which solutions best suit to each case, to cutting 
and embankment, in this chapter will be described the program’s implementation. In other words, will 
be described for each case the analysis settings chosen, geometry of slopes, loads acting, consideration 
of water level or not, the main properties of the subsoil required for each analysis as well as main 
characteristics of reinforcement, if it is required.  
Firstly the analysis will be performed in GEO 5 software and then, among the various hypotheses 
examined, only one will be chosen to analyze in PLAXIS 2D software, confirming the results. All the 
aspects mentioned before will also be applied to the analysis in this software. 
This chapter has also as aim presenting the results observed after conducted all analyses planned both 
GEO 5 software as the software PLAXIS 2D. It matters to note than only the results obtained through 
GEO 5 can influence the final results for this dissertation (once the results of PAXIS 2D are only an 
extra as mentioned before). It is important to note that the data entered in the program are only a first 
attempt. Thus, if the security is not verified at first, in this chapter will also be described the changes 
made until verify the safety for each solution, obtaining the optimal solution for cutting and 
embankment. 
 
5.2. GEO 5 
5.2.1. CUTTING 
All the various variants of GEO 5 begin with the definition of analysis settings where it is necessary to 
choose the verification methodology. 
In this case, the verification methodology chosen was according to EC7 using the design approach 3, 
which consists on the reduction of actions and soil parameters.   
According to GEO 5 user’s guide [25], contrary to other design approaches, it distinguishes geotechnical 
loads – State GEO (loading actions caused by soils – e.g. earth pressures, pressures due to surcharge, 
water action) and loads applied to structures – State STR (the program considers the self-weight of a 
structure, inputted forces acting on a structure, anchors, geo-reinforcements, mesh overhangs).  
The safety factors for soil properties, resistances and actions are described in the tables 4 and 5 below. 
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Table 4 - Partial factors for soil properties and resistances according to EC7, for DA3 
Design Approach 
tan ϕ’ c’ cu Unit weight Passive Anchor ɀϕ′ ɀୡ′ ɀୡ୳ ɀ୊ ɀୖ;ୣ ɀୟ 
3 1.25 1.25 1.40 1.00 1.00 1.00 
 
Table 5 - Partial factors for actions according to EC7, for DA3 
Design Approach 
Permanent Variable ɀୋ ɀ୕ 
3 1.00 1.30 
 
Posteriorly, it was necessary to define the cutting section geometry and its geotechnical profile. The 
division of this section into layers, and the characteristics of the soil constituent of each layer, are 
described in the 4.5.1 chapter. 
It was also necessary to assign the type of soil to each layer. 
Moreover, it was considered a small surcharge on the top of the excavation slope, in order to make an 
analysis by the side of safety.  As this is not a high-traffic area (the area surrounded to the railway line) 
it was considered a variable load, strip, of only 5 kN/m2. However, as the program does not take into 
account the design approach chosen when defining this surcharge, the introduced value needs to be 
already the design value, characteristic value multiplied by a safety factor of 1.3. 
The water level was considered at the elevation 8.49 m, as described in the previous chapter, in the 
section 4.5.1.2. 
Selected design situation determines the safety coefficients to be used in the analysis of a given 
construction stage. In this case was considered permanent, most common situation and type of 
verification, adopted when proving the safe design of a structure for the assumed lifetime. 
It will not be done any analysis to the case of earthquakes’ occurrence. 
It is also important to emphasize that, for all analyzes, the stress state corresponds to the effective. 
 
5.2.1.1. Natural Slope 
This phase begins by making a first calculation of slope stability without the use of any reinforcement's 
method, and starting with an inclination of 1:1.5 (the most common to railways' cuttings, as described 
on the previous chapter, on section 4.5.1.1.), using the variant "Slope Stability" of GEO 5. 
The aim of this step is to have a global vision of the slope stability getting a first idea of the type of 
reinforcement required, i.e., if is necessary a reinforcing very heavy or, on the contrary, a lighter one is 
enough. 
The definition of geometry, soils, surcharge and water are practically the same as described above, with 
the exception of water. In this case was necessary to do a groundwater lowering, like showed below in 
the figure 33. 
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About soil characteristics, definition of unit weight, angle of internal friction, cohesion and saturated 
unit weight were sufficient for this case. 
 
Fig. 33 - Slope geometry, surcharge and groundwater lowering 
 
An analysis of slope stability is enough for this case. So, after the first calculation, was obtained a 
utilization of 73%, to circular slip surface, and 70.3% to polygonal slip surface. 
Since the utilization can reach a maximum of 100%, it can be stated that the value adopted for the slope 
inclination, 1:1.5, may be amended by adopting a steeper slope. Thus, there was one second analysis, 
adopting this time the value of 1:1 for the slope. 
The second calculation resulted in a utilization of 90.1%, to circular slip surface, and 91.9% to polygonal 
slip surface. These values are already close to the limit but, anyway, it was tried a third analysis an 
inclination of 1:0.75. 
This time was reached a utilization of 102.4%, to circular slip surface, and 104.6% to polygonal slip 
surface. Thus, it can be concluded that for this analysis, natural slope, the maximum safe inclination is 
of 1:1. 
Program’s documents describing these results can be seen in annex 2. 
 
5.2.1.2. Nailed Slope 
The variant of GEO 5 used to this case was “Nailed Slopes”. 
The definition of geometry, soils, surcharge and water was the same as described on 5.2.1.1.  Specifying 
the soil characteristics needed to define, they were unit weight, angle of internal friction, cohesion, angle 
of friction structure-soil and saturated unit weight. 
To calculate the safety factor of the nailed slope it was necessary to start by defining the concrete cover 
thickness, as well as nail’s parameters. Relatively to the first point it was adopted 0.2m. Relatively to 
the second point, the various different characteristics needed will be further explained below. 
The first of these parameters is the nail type, characterized by the nail tensile strength, nail head strength 
and pull-out resistance. For the first two, these values can be inputed or computed, and it was decided 
to compute them. 
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To compute the nail tensile strength, defined as the greatest longitudinal stress that nail can bear 
without tearing apart, it was necessary to introduce the nail diameter: ds=32mm, the yield strength of 
nail: fy=500MPa and the minimum safety factor: SBT=1.00. 
Nail head strength determines the stability of the nailed structure against failure involving the facing 
element. It is function of a number of factors, primarily the material strengths, vertical and horizontal 
nail spacing, and the nail head connection details. To compute it was just necessary to introduce the 
minimum safety factor for this SBf=1.00. 
For the last one, pull-out resistance, which represents the amount of stress mobilized per unit area at 
the interface between the nail and soil, it was necessary to decide between four options: 
 Input; 
 Calculate from ultimate bond; 
 Calculate from effective stress; 
 Calculate according to HA68/94. 
The best of these options to this example is “Calculate from effective stress” and in this case it was 
necessary to introduce the hole (nail) diameter: d=150mm, and the minimum safety factor: SBe=1.00. 
All of the values mentioned above were chosen taking into account the characteristics of the steel 
currently used in the Czech Republic, and consulting the document DYWIDAG Geotechnical Product 
Range, [28]. The safety factor chosen was always the unity once the program already takes into 
consideration the partial safety factors. 
The second range of parameters that were necessary to decide were the nail's geometry. These can be 
viewed on the table below.  
 
Table 6 - Nail's geometry 
Vertical distance 
between nails (m) 
Depth of joint 
(m) 
Length 
(m) 
Horizontal distance 
between nails (m) 
Inclination 
(º) 
2 0.5 10 1 10 
  
It should be emphasized that these values were chosen for one first iteration, so they can be adjusted 
later. 
It was also necessary to define the material type of the nails, concrete C20/25, and the longitudinal 
reinforcement, steel B500. 
All of these values were chosen with good sense of the author and taking into account the skills acquired 
throughout the course.  
Regarding to the geometry of the slope, two different types about cutting supported with nails will be 
analyzed, one with a vertical slope and another with an inclined slope, with the aim explained previously 
on 4.5.1.4.. 
Regarding to security, plus slope stability, also internal stability (analysis slope stability phase to phase 
since, as already mentioned in the chapter 2.1.3.1., a nailed slope is a phased construction), overturning 
and slip should be analyzed.  
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Vertical Nailed Slope 
In the figure 34 is possible to see the model introduced on the program, particularly the geometry, nails 
design, surcharge, geotechnical profile and water level. 
 
 
Fig. 34 - Slope geometry, nails design, surcharge and water level 
 
To this case, stability of slip surface is not satisfactory, since the sum of shear forces is bigger than the 
sum of resistance forces. 
Wall for overturning is satisfactory, sum of resisting moment is bigger than sum of overturning moment. 
Also wall for slip is satisfactory, sum of resisting horizontal force bigger than active horizontal force. 
Concerning to slope stability, to circular slip surface utilization is about 100.2% and to polygonal slip 
surface utilization is about 89%. 
Since it is not verified or the slope stability or the internal stability it can be concluded that this section 
is not safe and so some alterations need to be done. 
The first alteration that was tried was to change the length of nailing of 10m to 12m. 
After making again all the checks mentioned above, it resulted in internal stability satisfactory, 
overturning satisfactory, slip satisfactory, 90.9% of utilization to circular slip surface and 92.1% to 
polygonal slip surface, so slope stability acceptable, concluding that the vertical nailed slope is stable 
with 12m nails (and the remaining characteristics remain as described in the previous chapter). 
Program’s documents describing these results can be seen in annex β. 
 
Inclined Nailed Slope 
Since, in principle, the natural slope will verify the security, to the nailed slope was chosen a steeper 
inclination, adopting the value of 2:1. Observing the figure 35 can be seen the model implemented, 
geometry, nails design, surcharge, geotechnical profile and water level. 
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Fig. 35 - Slope geometry, nails design, surcharge and water level 
 
It is verified the security to this case right away at the first analysis. Resistance forces upper than shear 
forces - stability of slip surface satisfactory, resisting moment upper than overturning moment - 
overturning wall satisfactory, resisting horizontal force upper than active horizontal force - slip wall 
satisfactory, utilization of 87.6% for circular slip surface and utilization of 79.8% for polygonal slip 
surface - slope stability acceptable. 
It is concluded then that the inclined nailed slope is stable with 10m nails and with an inclination of 
2:1 (the remaining characteristics remain as described in the previous chapter). 
Program’s documents describing these results can be seen in annex 2. 
 
5.2.1.3. Anchors 
To calculate the safety factor of the slope reinforced with anchors it was used the variant of GEO 5 
“Slope Stability”, since there is no specific variant for anchors, and in this one the definition of this kind 
of support is possible. Once again definition of geometry, soils, surcharge and water was practically the 
same like described above, with exception of water that one more time it was necessary a groundwater 
lowering. Looking at the figure 36 is possible to get a better perception about what was just said. 
Exactly for the same reasons than nailed slope, it was adopted the value of 2:1 for slope inclination. 
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Fig. 36 - Slope geometry, anchors design, surcharge and groundwater lowering 
 
About soil properties, just the definition of unit weight, angle of internal friction, cohesion and saturated 
unit weight was required for this case. 
Relatively to anchor’s properties, the values adopted can be consulted in table below, and were chosen 
taking into consideration the skills acquired in previous semesters. 
 
Table 7 - Anchor's properties 
Vertical distance 
between anchors (m) 
Length 
(m) 
Inclination 
(º) 
Horizontal distance 
between anchors (m) 
Force 
(kN) 
3 11 25 3 300 
 
It should be noted that the value of 11 meters for the length corresponds to 6 meters of free length plus 
5 meters of fixed anchor length. 
For the anchor’s inclination it was chosen a value between 10º and 45º, the common limit values. 
Regarding to spacing, it was chosen a mesh with 3×3m. 
For last, to the anchor force it was adopted one first value of 300kN, which can be adjusted later after 
the first analysis. 
Like taken place to natural slope an analysis of slope stability is sufficient for this example. It is not 
verified the security instantly for the first analysis, once it is reached one utilization of 100.1% to circular 
slip surface, even though the stability is acceptable to polygonal slip surface (87.2%). 
So it was worked a new analysis by changing the anchors' force of 300kN to 400kN. 
With this change the slope stability is verified for the two cases, circular slip surface – utilization of 
92.4%, and polygonal slip surface – utilization of 78.3%. 
Concluding, the slope supported by anchors is stable with an inclination of 2:1 and with anchors with 
400kN (the remaining characteristics remain as described in the previous chapter). 
Program’s documents describing these results can be seen in annex 2. 
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5.2.1.4. Retaining Wall 
Like mentioned in the chapter 4, section 4.5.1.2, once the deep of excavation is of 25 meters, the 
hypothesis of construction of one retaining wall for all the length is out of consideration, because it is 
too expensive, too big and "monstrous". So it will be just analyzed the hypothesis of retaining wall 
combined with a reinforced slope. 
There are two different options for this combination, retaining wall on top and then anchors, or anchors 
on top and then retaining wall. It will be analyzed the second one, once is the most correct and safe, 
because the soil on top is of worst quality than the soil on bottom. 
This case will be analyzed in two different views. The first one concerns to slope stability through the 
GEO 5 “Slope Stability" and the second to retaining wall stability through the variant of GEO 5 “Gravity 
Wall". 
It was started up by using the variant of GEO 5 “Slope Stability” exactly with the same characteristics 
as the others analyzes described above, and also adopting the value of 2:1 to the slope inclination. 
Concerning to soil properties, the definition of unit weight, angle of internal friction, cohesion and 
saturated unit weight was satisfactory for this case. 
In the figure 37 is possible to see the final design adopted for this example. 
 
 
Fig. 37- Slope geometry, anchors and retaining wall design, surcharge and groundwater lowering 
 
The retaining wall geometry can be seen in the figure 38 below, and was chosen taking into account the 
gravity walls characteristics described on chapter 3.2.3.3. Also properties of the constituent material of 
the wall need to be described and, since it is a rigid body, is of concrete, choosing in that way the class 
C20/25, and a unit weight of 25 kN/m3. 
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Fig. 38 - Retaining wall geometry 
 
Regarding to anchor’s properties the values adopted can be consulted in table below. 
 
Table 8 - Anchors' properties 
Vertical distance between 
anchors (m) 
Length 
(m) 
Inclination 
(º) 
Horizontal distance 
between anchors (m) 
Force 
(kN) 
3 11 20 3 400 
 
For this first point of view, it was reached a utilization of 94.5% to circular slip surface, and a utilization 
of 96.7% to polygonal slip surface. These values are already close to the limit so no alterations can be 
made. In this case is also necessary to analyze the stability of a possible slip surface immediately below 
the gravity wall, an analysis of standard type instead of optimization. For this it was reached a value of 
48.5% for the utilization, which is completely acceptable.  
Just by curious it was made an analysis of the slope without any reinforcement but, as expected, the 
safety factor was not acceptable. 
It was also used the variant of GEO 5 “Gravity Wall” to analyze, like mentioned above, specifically the 
aspects related to retaining walls like sliping, overturning and bearing capacity. The steps are pretty 
simple, definition of the geometry, profile, soil properties (unit weight, angle of internal friction, 
cohesion, angle of friction structure-soil and saturated unit) and assign, rigid body material, water level, 
surcharge, and shape of terrain on the top and bottom of the wall. Regarding to the last step, definition 
of the terrain shape on bottom of the left side, the program allows to discriminate the angle of the slope, 
the kind of material there, the resistance type and the thickness of the soil above the bottom. However, 
the software only allows to input slopes lower than 45º and, once our inclination is of β:1 (i.e. ȕ=63.4º), 
one simplification was made ignoring the discrimination of this last step.  
For this second point of view it can be concluded that the wall is, for overturning and for slip, 
satisfactory, utilization of 18.7% to overturning and utilization of 18.2% to slip.  
Running the option “Slope Stability” inside the variant “Gravity Wall”, and analyzing again the stability 
of a slip below the wall, was obtained a utilization of 41.6%, to circular slip surface, and a utilization of 
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44.4% to polygonal slip surface. These results are pretty close to the one obtained before, 48.5%, 
confirming that analysis.  
One third variant of GEO 5 could be used, “Spread Footing”, to calculate bearing capacity. However, 
this variant only allows to input slopes lower than 30º and, once ours is of 63.4º, as mentioned in the 
paragraph above, this program was not used. Instead, the bearing capacity can be verified manually, 
using the equation (20) described in the chapter 4.3.4., and then compared with the forces provided by 
the “Gravity Wall” program using, therefore, the option “input the foundation soil bearing capacity” 
from the three options explained on the chapter 4.3.4. 
The first step consists on the selection of the characteristics of the foundation that matter to the formula. 
These are the friction angle of the soil where the foundation is, as well as cohesion and unit weight, 
respectively assuming the values of ϕ=33º, c=40 kPa e Ȗ=23.5 kN/m3 (this value corresponds to the 
submerged unit weight, but in this case the water level is below the retaining wall foundation). Regarding 
to the value of q, once the critical side of the retaining wall is the left, due to possible sliding of the 
slope, and as the foundation on this side is not buried, this parameter is not considered as well as the 
whole parcel related to this parameter in the equation (20).  
Then matter to define the shape of the foundation, value of width and length, respectively B=2.5m and 
L=1m. The justification for this last one is that is a footing with infinite development and therefore this 
dimension takes the value of 1 in the calculations.  
The last step is the definition of all corrective factors. The firsts, Nc, Nq, NȖ, bearing capacity coefficients, 
are calculated from the expressions (17), (18) and (19). For the remaining corrective factors, analyzing 
figure 23 of chapter 4.3.4., it can be concluded that the factors sc, sq, sȖ assume the value of 1 
(development of footing infinite), as well as the coefficients ic, iq, iȖ (existing of vertical load only), as 
well as the coefficients bc, bq, bȖ (base of terrain horizontal). Regarding to the factors gc, gq, gȖ, although 
the ground surface is horizontal on the right side, the left side is sloped and, as mentioned earlier, is the 
dominant hand, and therefore these coefficients will be calculated using the equations (30), (31) and 
(32). For the final coefficients, fc, fq, fȖ, these are chosen through figure 24 from the chapter 4.3.4. and, 
once the distance to the "bed rock" is large, practically infinite, these are also unitary. 
To sum up, the parameters of the soil that were needed can be seen in the table 9 and the results for the 
corrective coefficients can be seen in the table 10. 
 
Table 9 - Parameters needed to the Qult expression 
Parameter Unit Value 
ϕ rad 0,57596 
c kPa 40 
Ȗ kN/m3 23.5 
ȕ rad 1,10654 
B m 2.5 
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Table 10 - Values of corrective coefficients 
Parameter Expression used Value 
Nq (17) 26,09201 
Nc (18) 38,63831 
NȖ (19) 32,58989 
gq (31) 0,99392 
gc (30) 0,99367 
gȖ (32) 0,99392 
 
The final result obtained for the qult, applying the formula (20) and the values from the table 9 and table 
10, was 2487.2607 kPa, against a maximum stress at footing bottom of 89.38 kPa. Consequently, can 
be concluded that cross-section bearing capacity is wholly satisfactory. 
All the documents describing all the results can be seen in annex 2. 
 
5.2.1.5. Proposed Design 
The proposed design consists of a stepped slope, with two steps, reinforced with anchors. The existence 
of steps, with 1.5m of width, is good once they allow to equipment circulation and maintenance and, for 
example, anchor’s installation. The definition of the inclination of each slope is described in the project, 
approximately 2.22:1 for the first slope, 1:1.1 for the second one and 1:1.2 for the last one.  
In the figure 39 is possible to see the model introduced on the program, particularly the geometry, 
anchors design, surcharge, geotechnical profile and groundwater lowering. 
 
 
Fig. 39 - Slope geometry, anchors design, surcharge and groundwater lowering 
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Also anchors' properties are described in the project and can be found in the table below. 
 
Table 11 - Anchor's Properties 
 Length (m) Inclination (º) Horizontal Spacing (m) Force (kN) 
1 4 37.5 1 250 
2 6 37.5 1 250 
3 8 37.5 1 250 
4 9 30 1 250 
5, 6, 7, 8, 9 4 30 1 150 
10 9 30 1 250 
11, 12, 13 6 30 1 250 
 
To calculate the safety factor for this case, once again, it was used the variant “Slope Stability” of GEO 
5, for the same reasons as explained to the anchored example. 
To the proposed design there are no choices to be made regarding to any parameters since these are all 
defined in the project. Thus, it was only analyzed the safety factor of this option to be compared with 
the others. 
Relatively to circular slip surface the utilization is about 76.5% and to polygonal slip surface the 
utilization is about 90.7%. 
So it is concluded that this is also a stable option. 
Program’s documents describing these results can be seen in annex 2. 
 
5.2.1.6. Final Notes 
From all the options discussed above, in principle, the option supported with nailed slopes is the one 
that corresponds to an optimal. Mainly because of: 
 Less disruptive to traffic; 
 Less environmental impact; 
 Relatively faster installation; 
 Easy adjustments; 
 Less congested bottom of excavation; 
 Relatively flexible; 
 More economical than another solutions. 
Afterwards made all the calculations and analyzed all the results can be validated this conclusion that 
the nailed slope is the optimal solution – slope with an inclination of 2:1, covered with a thickness of 
0.2m of concrete and with 10m nails, inclined 10º, with 500MPa of yield strength and 32mm of nail 
diameter. This solution ensures the equilibrium between a steep slope (reducing land appropriation) and 
nails not too costly. 
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5.2.2. EMBANKMENT 
The first steps to begin the analysis in GEO 5 were basically the same already described in the previous 
sub chapter for cutting. So, very briefly: 
 Verification methodology chosen according to EC7 using the design approach 3; 
 Definition of the geometry of embankment’s section and its geotechnical profile; 
 Assign the type of soil to each layer; 
 Design situation considered permanent; 
 Analysis to the case of earthquakes’ occurrence will not be done; 
 Effective stress state. 
Relatively to the surcharge there are differences in relation to the cutting. At the top of the embankment 
will act two different loads instead of one, one vertical loading due to self-weight of the structure, 
passage of vehicles and any variable loads, and also a horizontal force due to breaking, acceleration, 
centrifuge and transverse. These values are, respectively, 63 kN/m2 and 12 kN/m, and were obtained 
through the available information in the project. These charges are of variable character and so, once 
again, these values need to be multiplied by the safety factor of 1.3, according to the design approach 3, 
since the program does not take into account de design approach chosen to this field. 
The scheme showing the application area of this surcharge can be seen in the picture below (the charge 
is only applied to the sleeper area of the track).  
 
Fig. 40 - Scheme of surcharge application 
 
The water level was considered at 22.58 meters below the top of the embankment, as described in the 
previous chapter, section 4.5.2.2. 
 
5.2.2.1. Natural Slope 
As explained on the previous chapter, section 4.5.2.4., to the natural slope two different analyses will 
be performed: slopes of old and new embankment parallel and new embankment slope with a lower 
inclination. 
After performing one first calculation, was verified that the slip surface is irregular, pretty small and 
close to the surface. An example of these slip surfaces can be seen in the picture below. 
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Fig. 41 - Example of slip surface caused by non-cohesive soil 
 
That is due to the fact that the new material is non-cohesive. Thus, a little change was made to its 
characteristics, instead of 0 kPa to cohesion it was adopted the value of 1 kPa, what is not totally wrong 
once the compaction of the soil can make this possible and, in that way, this problem in the shape of slip 
surface is solved. 
 
Parallel Slopes 
The aim of this phase is to find an inclination to which one the slope is stable without reinforcement and 
so, from the range of options available, it was chosen the same value to the new and old embankment to 
begin the calculations. Hence, the value adopted to these slopes was 1:1.54, and was calculated trough 
the various designs provided in the project, according to the respective scales. 
It is a case of slope stability's problem without any reinforcement and so, naturally, the variant of GEO 
5 used was "Slope Stability". 
The definition of geometry, soils (unit weight, angle of internal friction, cohesion and saturated unit 
weight), surcharge and water was the same as described above, with the exception of water that, like 
happened to the cutting case, was necessary to do a groundwater lowering. The final structure can be 
seen in the figure 42 below. 
 
 
Fig. 42 - Slope geometry, surcharge and groundwater lowering 
 
Once it is an analysis of a natural slope, i.e. without any kind of reinforcement, an analysis of slope 
stability is enough to this case. 
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After the first calculation was obtained a utilization of 106.9%, to circular slip surface, and 106.7% to 
polygonal slip surface. Thus, it is easy to see that this solution is out of question, for the reason that these 
values pass the limit of 100%. As result a second analysis will take place, the one with the slope with a 
lower inclination. 
Program’s documents describing these results can be seen in annex β. 
 
Lower Inclination 
As already mentioned several times, the new embankment consists of material with zero cohesion, which 
does not happen with the constituent material of the existing one. Thus, it can be predict in advance that 
the same inclination for both slopes may not be the safest option. In consequence, a second analysis, in 
which for the new embankment is chosen a lower slope than the old one, arises. 
Taken into account the experience obtained through cutting’s calculations, it was chosen for the new 
slope an inclination of 1:2. 
Once again is a case of slope stability's problem without any reinforcement and so the variant of GEO 
5 used was "Slope Stability". 
The definition of the parameters is exactly the same as described for parallel slopes, and can be seen in 
the figure 43 below. 
 
 
Fig. 43 - Slope geometry, surcharge and groundwater lowering 
 
Anew, it is enough to analyze just the slope stability. So, as first results we have a utilization of 82.4% 
to circular slip surface and a utilization of 85.8% to polygonal slip surface. 
Thus, it can be concluded that the natural slope is safe with an inclination of 1:2. 
Program’s documents describing these results can be seen in annex 2. 
 
5.2.2.2. Slope Reinforced with Geosynthetics 
As explained before, the aim of this work is, between other variants, to find an option that minimizes 
the land appropriation. In that way, the two options mentioned above are not the optimal ones once, to 
be safe, they require pretty little steep slopes. Therefore, an optimal option is one with a higher 
inclination, but only possible with the help of reinforcements (due to the non-cohesive character of the 
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new material). A really good and efficient reinforcement is geosynthetics, more concretely geogrids, 
and so it will be the one used. 
The variant of GEO 5 used was, once again, “Slope Stability” because there are not a specific one to 
geosynthetics reinforcement.   
The next step is to find the inclination to the new slope, and to this a couple of aspects will influence. 
First of all it is chosen a bigger geosynthetic to the base, for safety reasons. On the other hand, a 
minimum distance must be maintained at the base because the reinforcements cannot enter into the 
existing embankment area. In that way, the inclination of the new slope was chosen taking these two 
factors into account together with the distance necessary at the top (calculated through the line’s 
dimensions as explained in the geometry part of chapter 4, section 4.5.2.1.). The final value to the 
inclination is, hence, 1:1.5. 
The definition of the other parameters, like groundwater level and properties of soils (unit weight, angle 
of internal friction, cohesion and saturated unit weight) was, again, very similar to the already described. 
However special attention should be focused on the description of geosynthetics’ parameters.  
A fundamental parameter that influences the reinforcement's performance is tensile strength. The value 
that must be entered in the program corresponds to the design value but, in the available documents 
relating to the geosynthetics' performance characteristics – HUESKER Synthetic GmbH, [27], the value 
given is characteristic. 
To calculate this value the equation (42) was used: 
 
 Pୢୣୱ = Pୡ ሺf୫ × fୢ × fୣሻ⁄  (42) 
 
Wherein: 
Pdes corresponds to the design strength of the reinforcement; 
Pc corresponds to the unfactored long-term characteristic strength, and for a 120-year design life 
corresponds to 60% of the characteristic short term tensile strength (Pchar). Querying the figure 44 below 
is possible to see the available options; 
 
 
Fig. 44 - Performance Characteristics Values (Pchar), [27] 
 
Alternative modernization design of a selected railway line section in the Czech Republic 
 
69 
fm corresponds to a partial material safety factor relative to manufacture and extrapolation of data, and 
for a 120-year design life assumes the value of 1.10. Querying the figure 45 below is possible to see the 
available options; 
 
 
Fig. 45 - Values for partial safety factor fm, [27] 
 
fd corresponds to a partial safety factor relative to mechanical installation damage, and for the type of 
material used in the new embankment (coarse gravel) assumes the value of 1.20. Querying the figure 46 
below is possible to see the available options; 
 
 
Fig. 46 - Values for partial safety factor fd, [27] 
 
fe corresponds to a partial safety factor relative to environmental effects, and for a 120-year design life, 
and for a situation of product covered on day of installation, assumes the value of 1.06. Querying the 
figure 47 below is possible to see the available options; 
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Fig. 47 - Values for partial safety factor fe, [27] 
 
Consulting the characteristic values of ultimate short-term tensile strength, in the already mentioned 
document, figure 44, it came the following values for design strength: 
 
Table 12- Values of characteristic and design strength 
Pchar (kN/m) Pc (kN/m) Pdes (kN/m) 
35 21 15 
55 33 24 
80 48 34 
100 60 43 
150 90 64 
200 120 86 
400 240 172 
600 360 257 
800 480 343 
 
Another parameter that needs to be input is pull-out resistance, characterized by the "Coefficient of 
interaction of soil and georeinforcement". To this one the program suggests the value of 0.8 but it was 
decided to put a little bit higher one, 0.9. This coefficient essentially depends on the materials and the 
fill around the reinforcement, being the value of 0.9 the safest for most all types of soils. 
The end of reinforcement needs also to be specified and this can be free or fixed, and the choice was 
based on the type of reinforcement failure that is most important to prevent. These types of failure can 
be seen in the picture below. 
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Fig. 48 - Types of reinforcement failures: a) breaking of reinforcement; b) pullout of the reinforcement behind the 
slip surface; c) pullout of the reinforcement in front of the slip surface, adapted from GEO 5 - User’s Guide [25] 
 
A free end prevents the type of failure a) and b) whereas a fixed end (for example fixed into the cladding 
structure) prevents the type of failure c). Since the most important types to prevent are a) and b) it was 
adopted a free end of the reinforcement. 
Relatively to the geosynthetics’ length 5 different types were adopted, 4m, 6m, 8m, 10m and 11.5m (this 
last value was supposed to be 12m but, at the top, some chosen geosynthetics with this value entered 
into the existing embankment area so, to this did not happen, this value was decreased a bit).  
It was adopted a distance of 0.6m between geosynthetics.  
These two parameters (distance between geosynthetics and their length) were chosen based on the 
proposed design available in the project. 
After all considerations mentioned above, the geosynthetics’ design and all the adopted parameters can 
be seen in the figure 49 and table 13 below. 
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Fig. 49 – Geosynthetics’ design 
 
Table 13 - Geosynthetics' Properties 
 Length (m) Tensile Strength Rt (kN/m) Pull out Resistance End of Reinf. 
2,3,4,6,7,8,9 4 43 0.9 Free 
5,10,11,12,13,15,16,17,18 6 43 0.9 Free 
14,19,20,21,22,24,25,26,27 8 43 0.9 Free 
23,28,29,30,31,33,34,35,36 10 64 0.9 Free 
1,32,37,38 11.5 64 0.9 Free 
 
It should be emphasized that all these values were chosen for one first iteration and subsequently they 
can be adjusted after the first results. 
This analysis will be a little bit different from the first two. To this case, besides global stability 
(calculating of the block security in relation to a global rupture), is important to analyze also internal 
stability. This analysis objectives the verification of structural integrity of reinforced mass. Two 
conditions must be satisfied: the rupture of the reinforcement and the reinforcement pullout. 
So, briefly, will be testing three different slips. 
The first is the one that has been analyzed in the previous cases, optimization type, trying to find the 
critical slip surface. An example can be seen in the figure 50 below. 
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Fig. 50 – Slip surface of the kind optimization for global stability 
 
The second is one behind the reinforcements, a standard type, just in the area of the new embankment, 
to test internal stability of all the reinforcements. An example can be seen in the figure 51 below. 
 
 
Fig. 51 - Slip surface for internal stability testing all reinforcements 
 
The last one is also to test internal stability, but this time just the first reinforcements acting on the top 
of the slope, and again standard type. An example can be seen in the figure 52 below. 
 
 
Fig. 52 - Slip surface for internal stability testing the first reinforcements 
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Regarding to global stability, it was reached a utilization of 89.4% to the circular slip surface and a 
utilization of 96.8% to the polygonal slip surface. Testing the slip behind the reinforcements it was 
reached a utilization of 86.5%. Regarding to internal stability, it was reached a utilization of 33.1%. In 
this way, can be concluded that the slope is stable with the first choice adopted to the reinforcement, but 
that can be reduced a little bit. Consulting the GEO 5 documents with the results can be seen that, mainly, 
only the first reinforcements on the top are acting. Therefore, a second analysis will be made, changing 
the tensile strength of the reinforcements, adopting the value of 43kN/m to all. 
To the second analysis, it was reached a utilization of 40.4% to internal stability testing the 
reinforcements on top, and a utilization of 88.1% to internal stability testing all the reinforcements. 
Concerning to global stability, it was reached a utilization of 89.8% to the circular slip surface and a 
utilization of 104.1% to the polygonal slip surface. Can be said that this solution is out of option once it 
is not stable. As a result, a third analysis will be made, with a tensile strength of 43kN/m to all the 
reinforcements, with the exception of the first two on top that will have a tensile strength of 64kN/m. 
The explanation is that, like was mentioned before and confirmed by the results of the second analysis, 
these two reinforcements are the ones that are working and holding the slope. 
It should be noted that the internal stability analysis looks more important since, sometimes, the type of 
optimization gives unusual shapes that may not be very reliable. 
To this last analysis, besides Janbu, was also used another methods to check the slope stability, Sarma 
and Spencer, exactly because of the reasons mentioned above. About internal stability, to test the first 
reinforcements acting, was reached an utilization of 38.9% using Bishop, an utilization of 78.9% using 
Sarma (to this one was tested more geosynthetics than the ones tested with Bishop), and to test all 
reinforcements was reached an utilization of 84% using Bishop and an utilization of 95.3% using Sarma. 
About global stability, it was reached a utilization of 89.4% using Bishop, and utilization of 96.8% using 
Janbu, a utilization of 94.7% using Sarma and a utilization of 92.2% using Spencer. For conclusion, can 
be said that the final solution is a slope with 1:1.5 of inclination, reinforced with geosynthetics with the 
characteristics of the table 13, with the exception of the tensile strength that was changed to 43kN/m to 
all geosynthetics excepting the last two on top with 64kN/m, and with the design of the figure 49. 
Documents describing these results can be seen in annex 2. 
 
5.2.2.3. Proposed Design 
The proposed design will not be analyzed in this case because this solution is pretty similar to the 
solution with geosynthetics. 
 
5.2.2.4. Old Embankment 
Just out of curiosity, an analysis of the stability of the existing embankment will be performed. The 
characteristics were exactly the same as those already described in the natural slope, with the exception 
of not introducing the new embankment part. The same inclination was adopted for the two slopes, the 
one on the left and the one on the right. So, briefly, it will take place an analysis of a slope with 1:1.54 
of inclination, without any reinforcement, and using the variant "Slope Stability" of GEO 5. 
The geometry can be seen in the figure 53 below. 
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Fig. 53 - Old embankment design 
 
It should be noted that this is a case of a single track, and therefore the surcharge is applied only in the 
width corresponding to a single rail. 
Only makes sense to this example the analysis of slope stability and so only this was performed. 
To circular slip surface the utilization is about 95.3% and to polygonal slip surface the utilization is 
about 94.6%, which allows to conclude that this slope is stable, like it is supposed, once this example 
consists of the real characteristics of the existing single track. 
Documents describing these results can be seen in annex 2. 
 
5.2.2.5. Settlement 
Regarding to embankments is essential to calculate the maximum settlement that they can suffer. The 
foundation soils must have sufficient capacity to withstand static and dynamic loads due to circulation. 
In our case this calculation assumes even greater importance once a new soil mass, with relative 
significance, is added to the existing embankment, which can cause significant deformation. In addition, 
the removal of an existing part of the embankment, i.e. a load that was acting there, before placing the 
new, can also lead to a swelling of the sub-soil. Thus, it is easy to see the importance that this calculation 
assumes. 
The variant of GEO 5 used was “Settlement”, really specific for this case. 
To design the geometry of the embankment, to this analysis, was necessary to draw all the profile, and 
not only half as was made in the other cases, once the relevant settlement values can occur along the 
entire bottom of the landfill. However, since there is not available information regarding to the 
inclination of the right slope, it was assumed that the right and left slopes have the same inclination. 
Some steps are common to the slope stability analysis, like definition of soil’s properties, assign these 
soils to the interfaces and the definition of groundwater level. Specifying the soil's parameters required 
to this case, they are unit weight, Poisson’s ratio, deformation modulus and saturated unit weight. 
However some differences can be noted.  
The first big difference is that the verification methodology chosen was “standard - no reduction of 
parameters”, once the settlement calculation is a verification of service ability limit state and, therefore, 
does not make sense to use approaches that reduce the parameters. In that way, when describing the 
acting surcharge, the inputted value was the characteristic one. 
Alternative modernization design of a selected railway line section in the Czech Republic 
 
76 
Another difference is that, unlike what happened in the others analyses where it was only considered 
one construction phase, in this analysis was necessary to take into account the construction phases. 
Hence, four construction stages were assumed: 
 Stage 1: before any construction, only defining the current terrain, i.e., the subsoil layers; 
 Stage 2: construction of the existing embankment; 
 Stage 3: removal of a part of the existing embankment; 
 Stage 4: construction of the new embankment. 
It was defined the last layer of sub-soil, M4, as an incompressible subsoil, option available in this 
software, once it is a bed rock with really good characteristics (for example deformation modulus of 400 
MPa), as described on table 2 on chapter 4. 
The final design can be seen in the figure 54 below.  
 
 
Fig. 54 - Embankment design 
 
Regarding to total settlement, the maximum value obtained was 158.9 mm, in the maximum depth of 
influence zone - 7.5 m, and practically in the axis of the landfill, as can be seen in the picture 55 below. 
 
 
Fig. 55 - Total Settlement 
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Beyond the total amount of the settlement is also very important to evaluate differential settlements 
between different stages. In that way, what is more prevalent to analyze is the value of stage 4 against 
stage 2, once is this settlement that allows to verify the deformation caused by the removal of a part of 
the old embankment plus the addition of the new embankment. Thereby, the maximum differential 
settlement observed was 26.7mm, and as can be seen in the picture 56 below with the red color, closer 
to the left slope, where were removed and added a new mass, unlike what happened to the total 
settlement. 
 
 
Fig. 56 - Differential settlement between stage 2 and 4 
 
Documents describing these results can be seen in annex 2. 
The magnitude of the settlements mainly depends on the self-weight of the landfill as well as the 
characteristics of the sub-soil. However other factors, such as the magnitude of the applied loads, are 
also overweight. The maximum values admissible to the embankment’s differential settlement are 
variables, dependent on various factors such as period of assessment, length of line being assessed, etc. 
Thus, analyzing the value obtained to the maximum differential settlement for the case under study, and 
comparing it with several default values, can be considered that this is an acceptable value. 
Must be guaranteed that differential settlement is monitored satisfactorily along and across the track, 
during the construction phase as well as the first few years of the operational phase, with periodic 
inspections. Measurements should begin as early as possible, since settlement often occurs most rapidly 
in the earliest phases. 
If there had been verified that the value obtained for the maximum settlement was unacceptable this 
could be reduced substantially by the use of light-weight materials like Expanded Polystyrene Foam 
(EPS) and foam concrete. 
 
5.2.2.6. Final Notes 
From all the options discussed above, in principle, the option reinforced with geogrids is the one that 
corresponds to an optimal. Mainly because of: 
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 Fast construction in all weather conditions; 
 Aesthetics: impressive & stylish designs; 
 Versatility & flexibility; 
 Cost efficiency; 
 Durability, resistance to environmental influences; 
 Minimal maintenance. 
Afterwards made all the calculations and analyzed all the results can be validated this conclusion, the 
solution reinforced with geogrids is the optimal one - slope with 1:1.5 of inclination, reinforced with 
geosynthetics with the following characteristics: 
 
Table 14 - Geogrids properties 
 Length (m) Tensile Strength Rt (kN/m) Pull out Resistance End of Reinf. 
2,3,4,6,7,8,9 4 43 0.9 Free 
5,10,11,12,13,15,16,17,18 6 43 0.9 Free 
14,19,20,21,22,24,25,26,27 8 43 0.9 Free 
23,28,29,30,31,33,34,35,36 10 43 0.9 Free 
1,32 11.5 43 0.9 Free 
37,38 11.5 64 0.9 Free 
 
 
5.3. PLAXIS 2D 
Firstly, when creating a new project in PLAXIS 2D software, is required the definition of a set of project 
properties, in the Input program. They are the model adopted - Plain Strain, the type of elements 15-
Node, the system of units (basic units comprise a unit for length, force and time) and geometry 
dimensions. 
A Plane Strain model is used for geometries with a uniform cross section and corresponding stress state 
and loading scheme over a certain length perpendicular to the cross section. Displacements and strains 
in z-direction are not taken into account but the same does not happen to normal stresses, [26]. 
Relatively to the Elements, a choice should be made between 6-node or 15-node triangular elements, 
with the object of modeling soil layers and other volume clusters. For default, the 15-node triangle 
element is chosen. It provides a fourth order interpolation for displacements and twelve Gauss points 
(stress points). It is a very accurate element that has produced high quality stress results for difficult 
problems, [26] 
Regarding to the system of units, the basic ones comprise a unit for length, force and time and, for 
default, are respectively meters, kiloNewton and day. All subsequent input data should be according to 
this system and the output data should be interpreted according to the same system, [26]. 
Afterwards, after these definitions, the analysis continue by processing through the Calculations 
program and the Output program. In the first one, will be discriminated the main phases of each 
calculation, the calculation mode, the settings of the iterative procedure and the calculation type. After 
this in the Output program will be checked the main parameters that influence the structure's 
performance. 
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Relatively to the calculation mode it was defined the classical mode: using the definition of stress 
according Terzaghi [γγ], with distinction between effective stress σ’ and pore pressure pw. 
 
 σ = σ′ + p୵ (43) 
 
In this mode, consolidation is based on excess pore pressure considering saturated conditions. 
Regarding to the settings of the iterative procedure, can be choose between standard settings and manual 
settings, having been selected the second one. Here, need to the choose the tolerated error – maximum 
global equilibrium error that is allowed, the maxim iterations – value of maximum iteration steps for the 
calculated phase, the desired minim and the desired maximum – if plastic or safety is selected as 
calculation type, then PLAXIS 2D makes use of an automatic step size algorithm, controlled by these 
parameters, specifying the desired minimum and maximum number of iterations per step. It was chosen 
a tolerated error of 0.01 and maximum iterations, desired minimum and desired maximum of 100. 
The main phases of each calculation will be specified in the subchapters below. The calculation type 
depends on the type of analysis proposed to each case and so will also be specified later. 
 
5.3.1. CUTTING 
Of all the options discussed earlier with the GEO 5 software, like mentioned on 5.2.1.6., one that 
corresponds to an optimal solution, because it is more economical, safe and with a smaller area of 
expropriation necessary, is the nailed slope. However, this option is not available in this software and 
so, as alternative, was opted for examining the anchored slope.  
Firstly, in the Input program, is defined the geometry of the problem in correspondence to the 4.5.1.1. 
chapter. Following is defined the soil properties and, here, there is a set of materials definitions that need 
special attention. First of all, as is intended an analysis of effective stress-state, should be defined a 
drained or long-term material behavior, in which stiffness and strength are defined in terms of effective 
properties. Next the material model is chosen, having been selected for our analysis the Mohr Coulomb 
model (a brief description of this model is below). 
Mohr - Coulomb Model: It may be used for a relatively quick and simple first analysis of the problem 
considered. It is a linear elastic perfectly – plastic model that involves five parameters, for soil elasticity 
E and �, and for soil plasticity ϕ, c and ψ. Instead of using the Young’s modulus as a stiffness parameter, 
alternative stiffness parameters can be entered, G and Eoed. It represents a “first-order” approximation 
of soil or rock behavior, including only a limited number of features that soil behavior shows in reality. 
For each layer it estimates a constant average stiffness or a stiffness that increases linearly with depth. 
Due to this constant stiffness, computations tend to be relatively fast and one obtains a first estimate of 
deformations. Although the increase of stiffness with depth can be taken into account, this model does 
neither include stress-dependency nor stress-path dependency nor strain dependency of stiffness or 
anisotropic stiffness. In general, effective stress states at failure are quite well described using this failure 
criterion with effective strength parameters ϕ’ and c’, [β6]. 
As the GEO 5 analysis was made according the design approach 3 of EC7, which consists on the 
reduction of actions and soil parameters, also here this design approach must be assumed. It is applied 
a factor of 1.3 to variable unfavorable loads and a factor of 1.25 to soil cohesion and internal friction 
angle. 
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Differently to what happened with GEO 5, here the surcharge value introduced is the characteristic value 
– 5 kN/m2, and not the design value, once the program automatically make these calculations. 
Posteriorly, must be defined the anchors properties. The anchors behavior can be simulated resorting to 
a combination of node-to-node anchor, simulates the free length part, and of embedded pile, simulates 
the grouted part of the anchor. In reality there is a complex 3D state of stress around the grout body 
which cannot be simulated in a 2D model, although, it is possible in this way to estimate the stress 
distribution, the deformations and the stability of the structure on a global level, assuming that the grout 
body does not slip relative to the soil. With this model is not certainly possible to evaluate the pullout 
force of the anchor. For last, the connection of the embedded pile should be set to Free, to set the top 
free from the underlying soil element. The connection with the anchor will be automatically established. 
The main anchor properties that need to be defined can be seen in the table below, [26]. 
 
Table 15 - Anchors' properties 
 Free Length  Fixed Anchor Length  
Distance between anchors – vertical (m) 3 3 
Length (m) 6 5 
Inclination (º) 25 25 
LSpacing – horizontal (m) 3 3 
EA (kN) 5.0x106 - 
E (kN/m2) - 2.5 x106 
Material type Elastic Massive circular pile 
Diameter (m) - 0.3 
T – skin resistance (kN) - 400 
 
Most of these values were adopted in accordance with the analysis introduced into GEO 5. However, 
some necessary informations to this software were not necessary to the other, and so were not possessed. 
In these cases was adopted to these fields the suggested value in Plaxis User's Guide [26]. 
The option Standard Fixities can be used to generate the proper boundary conditions. 
Finally the mesh should be generated. 
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Fig. 57 - Geometry and mesh used 
 
Looking to the figure 57 it is possible to see the final result after the geometry introduction and the mesh 
generation. 
Passing to the Calculations program, the problem was defined in three phases: 
 The first phase is to generate the initial stresses, calculation of the type K0 procedure; 
 In the second phase are activated the anchors; 
 In the third and last phase is activated the surcharge. 
It is also here that the water level can be introduced, drawing the phreatic level like described in the 
chapter 4.5.1.2. 
In the beginning, an error message appeared, related to accuracy, and to circumvent it it was altered the 
value of the tolerance from 0.01 to 0:03. 
The first analysis carried out was of the plastic kind, to assess the state of stress and strain. The deformed 
mesh can be seen in the figure 58. 
 
 
Fig. 58 - Deformed mesh 
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Through this analysis is possible to quantify the maximum settlements that the structure suffer. 
Relatively to vertical settlement, the area with more pronounced settlements is beneath the slope, mostly 
at the top, and with a maximum value of 89.77 mm, acceptable value. Relatively to horizontal 
settlements, the area with more pronounced values is also beneath the slope, but this time mostly at the 
base, and with a maximum value of 150.6 mm, a little critical value.  
Afterwards is added a new phase, without any alteration relatively to the previous one, of safety type, 
to evaluate the evolution of the safety factor with time. This calculation is the most important to this 
case, once it will be the value resulting here in this analysis that can be compared with the first analysis 
made on GEO 5.  
 
 
Fig. 59 - Evolution of FS per step 
 
Looking to the figure 59 above it is possible to see the evolution of safety factor per step. 
Through the figure can be concluded that after reaching a maximum value of 1.1, the FS decreases a bit 
stabilizing in the value of 1.06. The value obtained through GEO 5, first analysis carried out, corresponds 
to a utilization value, unlike what happen in PLAXIS 2D software. In that way, this value must be 
converted into a safety factor value, and to do that, 100% must be divided by it. Thus, dividing 100% 
by the obtained value before – 92.4%, it can be reached the safety factor of 1.08.  Comparing the two 
results it can be concluded that the two analyzes are in accordance, proving the conclusions taken before. 
 
5.3.2. EMBANKMENT 
Of all the options discussed earlier with GEO 5 software, like mentioned in 5.2.2.6., one that corresponds 
to an optimal solution is the one reinforced with geogrids, because it is pretty economic and safe. 
The first steps to begin the analysis in PLAXIS 2D are basically the same already described in the 
previous sub chapter for the cutting. So, very briefly: 
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 Modeling in the Input program; 
 Plain Strain model adopted; 
 15-Node triangular elements; 
 Definition of system of units; 
 Definition of geometry according to 4.5.2.1.; 
 Definition of soil properties; 
 Selection of drained behavior; 
 Selection of effective stress state; 
 Selection of Mohr-Coulomb model; 
 Verification methodology according to design approach 3. 
Relatively to the surcharge there are differences in relation to the cutting, like happened previously when 
modeling in GEO 5. At the top of the embankment will act two different loads, one vertical loading - 63 
kN/m2 and a horizontal force - 12 kN/m. Once again, these values are the characteristic value once the 
program automatically make the calculations to the design values. The application area of this surcharge 
can be seen in the picture 40 in the chapter 5.2.2., as it is the same. 
Posteriorly, must be defined the geogrids properties. Geogrids are composed of geogrid elements (line 
elements) with two translational degrees of freedom in each node (ux, uy), and they are connected to the 
finite element mesh by 5 nodes. The only material property of a geogrid that is necessary to input is an 
elastic normal stiffness (EA) and, according to what was made previously in GEO 5, chapter 5.2.2.2, 
there are two different types of geogrids, one with 43 kN and other with 64 kN. It is also necessary to 
define which is the material behavior of this reinforcement – elastic, and also if it is intended an isotropic 
behavior – yes, to ensure that both stiffness are equal. 
The option Standard Fixities can be used to generate the proper boundary conditions. 
Finally the mesh should be generated. 
Looking to the figure 60 it is possible to see the final result after the geometry introduction and the mesh 
generation. 
 
 
Fig. 60 - Geometry and mesh used 
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It should be noted that when defining the geometry of the problem, in this case, all necessary interfaces 
throughout the construction process were immediately designed, being the constructive process defined 
then in the Calculations program. 
Primarily the problem was defined with a mix of the same phases as described when modeling the case 
settlement on section 5.2.2.5., and with the same structure when modeling the cutting in this software: 
 The first phase is to generate the initial stresses, calculation of the type K0 procedure; 
 Phase 1: corresponds to the construction of the existing embankment; 
 Phase 2: removal of a part of the existing embankment; 
 Phase 3: construction of the new embankment; 
 Phase 4: activation of geogrids; 
 Stage 4: activation of surcharges and forces. 
Like happened to the cutting, is here that the water can be introduced, drawing the phreatic level like 
described in the chapter 4.5.2.2, practically coincident with the base of the embankment/top of subsoil, 
i.e., original ground surface. 
However, in the phase correspondent to the addition of the mass of soil related to the existing 
embankment, the program was showing an error message that the body soil collapsed. Inspecting the 
output results can be seen the deformed mesh available in the figure 61. 
 
 
Fig. 61 - Deformed mesh 
 
In that way, to solve that difficulty, the problem was defined differently through the following phases: 
 The first phase is to generate the initial stresses, calculation of the type K0 procedure, where 
it is assumed that all embankment is already built; 
 Phase 1: activation of geogrids; 
 Phase 2: activation of surcharges and forces. 
Nevertheless, also here appeared the same error message. Inspecting the output results, can be seen the 
deformed mesh in the figure 62. 
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Fig. 62 - Deformed mesh 
 
To try to check which factor could have been influencing these results, it was carried out a lot of different 
analyses changing in each one some characteristics of the soils. It was tried a higher oedometric modulus 
to the embankments material, a higher value to the embankments material cohesion, it was changed the 
tensile strength of geogrids to highest values and it was also made some changes to the program 
tolerance. Through all these analyses with all these variations it was concluded that it was the fact that 
the new material is non cohesive that was influencing the program to no run. Nonetheless, the change 
of 0 kPa to just 1kPa was not solving the problem like happened in GEO 5. To make the program run 
normally the value adopted to cohesion of the new embankment needed to be higher than 10 kPa, which 
is a huge difference to the real value. Thus, this analysis is inconclusive and the results obtained before 
with the first software cannot be compared. 
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6 
CONCLUSIONS AND FUTURE WORK 
 
 
6.1. CONCLUSIONS 
The beginning of the development of this project proved to be quite complicated mainly because of the 
fact that the project related to the selected section of the railway line was provided in Czech. Thus, to 
obtain the basic data to start the work, the author was greatly dependent upon the help of the supervisor, 
to find among all the information those data. However, little by little, and with the right guidance, the 
work progressed satisfactorily. Nevertheless, there were several difficulties that can be appointed. 
It is important to remember that the main objective of this dissertation was to reach an optimal solution 
for the widening of two sections of a railway line, one corresponding to the most critical cutting and 
another corresponding to the most critical embankment. In this point can be said that the objectives were 
met. In chapter 6 it is possible to see that regarding to the cutting it came the conclusion that the best 
solution corresponds to a nailed slope (explained on section 5.2.1.6.), while regarding to the 
embankment it came the conclusion that the best solution corresponds to a landfill reinforced with 
geosynthetics (section 5.2.2.6).  
Despite the good progress already mentioned, there were many difficulties that had to be circumvented, 
and that will be explained with more detail. 
The first analysis performed was concerning to the cutting in GEO 5 software. Regarding to each 
analyzed option, which proved to be more complicated/problematic was, both for nailed slope and 
anchored slope, to find the appropriate characteristics for these supports. It was even more complicated 
in the case of nails, due to their design consist on a novelty. On contrary, anchors design was carried out 
several times during the first semester. Regarding to natural slope, retaining wall and proposed design 
there are no aspects to comment, these analyses ran with serenity. 
The second analysis performed was concerning to the embankment in GEO 5 software. This time, 
relatively to each option considered, the one that has proved to be more complex was the use of 
geosynthetics, because it is a never before deeply discussed topic, having the author to learn from root 
its operation mode, as well as research for the most appropriate properties. All other tests ran without 
raising large problems.  
Thus, with regard to modeling in GEO 5 software, this proved to be very simple and clear, for the reason 
that it is a very accessible and understandable program. 
Relating to PLAXIS 2D, the main difficulties were not due to the methods of each solution itself, since 
they were studied when modeling in GEO 5, but the mode of operation of the program itself which 
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proved to be more complex. The fact that the experience with this program was not very large also 
helped for the slower development of this analysis. 
Another obstacle encountered was the fact that was not always easy to adapt what was intended to the 
features available on each program. For example, was planned to analyze the optimal solution of each 
section in PLAXIS 2D software, for comparison / validation of results. Thus, for the excavation, after 
the analysis in GEO 5 software, it was found that this optimal solution corresponded to the nailed slope, 
option not available in PLAXIS 2D. To circumvent this difficulty it was resorted to an alternative and 
possible to model solution, anchored slope, passing to be the comparison of both types of results, 
analytical and numerical, for this solution. Follow up, and like concluded on section 6.3.2., can be said 
that the value of the safety factor, parameter that mattered to compare, was validated by this second 
analysis. 
In the case of the embankment the optimal solution revealed to be the one reinforced with geosynthetics, 
having been in this case the numerical calculation possible without this kind of restriction. However, 
also this analysis brought some problems, once it was not possible to come to final results to compare 
with the ones taken from the analytical calculation - the explanation is given on section 6.3.2. - the 
properties of the new embankment did not allowed the program to run, once is a non-cohesive material 
and with not too high oedometric modulus. 
For soil characteristics of each section two notes have to be made. Concerning to circular slip surfaces 
should highlight the fact that this is a simplified design. Once the last layers of soil are rock, surfaces 
may not have the circular shape and, instead, form breaking blocks from the rupture planes of rock. This 
is compounded by the fact that the geotechnical plan have come to the conclusion that the area is very 
rocky, sometimes with poor quality, favoring the occurrence of the described above. The second point 
relates to the fact that in the case of the new embankment, the material is not cohesive, leading to the 
appearing of some barriers in the beginning of calculations, on the analytical calculation, had being 
adopted a fictitious value of 1 kPa to the cohesion of the soil, so that the solutions can be satisfactory 
and conclusive. 
In conclusion, the objectives were met. Despite the difficulties, it came the best solution both for 
embankment - geosynthetics and for cutting - nailing. Although these results were not possible to 
compare with the ones from the analysis with the numerical software as intended, this comparison was 
a supplement to the analyses already performed and thus did not influence the results. 
 
6.2. FUTURE WORK 
Regarding to the possible future work related to this subject there are a few aspects to comment.  
First, the author thinks that it would be productive to analyze every solution chosen in chapter 4 in 
PLAXIS 2D program, instead of just one, in order to validate/compare all results. PLAXIS 2D consist 
of a more precise method, more stringent, and so more realistic, because it is a numerical calculation, 
and therefore more correct, and so the results can be more reliable. 
Secondly, the author thinks that a more thorough investigation/research could lead to the emergence of 
more constructive reinforcement solutions for cuttings and embankments, with their subsequent 
analytical and numerical analysis.  
Specifying the calculations made, relatively to the settlement analysis, an inclusion of a consolidation 
analysis, i.e. including the time factor, could have led to a better interpretation of these results. 
The author of this work also thinks that the inclusion of a seismic analysis would also be interesting. 
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Finally, and in case of application of these solutions in the widening project of this route, Sudoměřice – 
Votice, focus should be given to evaluation of the performance of this line, resorting to its monitoring 
and to attendance of the evolution of its behavior during the exploration, in form to validate the adopted 
solutions. 
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Vrt Naražená hladina Ustálená hladina 
J237 (2004) - - - - 
J238 (2004) - - - - 
J239 (2004) - - - - 
J240 (2004) - - - - 
J1 (04/2012) - - - - 
JŠ2 (04/2012) - - - - 
VPU1 (2006) - - 6,80 504,60 
J241 (2004) - - - - 
J101 (2006) - - - - 
 
Tabulka č. 2: Agresivita podzemních vod 
Vrt 
Hloubka 
odběru 
(m) 
SO42- 
(mg/l) 
pH 
(-) 
CO2 agr. 
(mg/l) 
NH4+ 
(mg/l) 
Mg2+ 
(mg/l) 
Výsledný 
stupeň 
agresivity 
J650 2,00 73,25 7,26 34,41 0,0 21,59 XA1 
J660 10,70 42,8 6,75 31,83 0,0 35,98 XA1 
VPU1 6,80 79,83 6,50 63,80 0,16 20,67 XA2 
J1 
(110,650) 1,40 66,66 7,60 6,60 0,17 14,59 neagresivní 
J1 
(110,966) 0,50 53,49 6,00 178,20 9,47 20,67 XA3 
 
Limity: 
< 200 > 6,5 < 15 < 15 < 300 neagresivní 
200-600 5,5-6,5 15-40 15-30 300-1000 XA1 
600-3000 4,5-5,5 40-100 30-60 1000-3000 XA2 
3000-6000 4,0-4,5 >100 60-100 > 3000 XA3 
 
6. GEOTECHNICKÁ CHARAKTERISTIKA ZÁKLADOVÝCH PŮD 
Rozdělení jednotlivých zemin a hornin do geotechnických typů a následný návrh charakteristik 
jednotlivých geotechnických typů byl proveden na základě makroskopického popisu a laboratorních zkoušek.  
Tabulka č. 3: Orientační charakteristiky základových půd 
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Q2d Q F3/MS F4/CS 
saSi,  saclSi, 
sasiCl, saCl 18,2 
0,9*-
1,6* 8 65 5 18* 27* 0,35 630 I.
3)
 / I.4) 
Q2f Q F3/MS F4/CS 
saSi,  saclSi, 
sasiCl, saCl 18,0 
0,65-
1,1* 5 55 2 15* 25* 0,35 500 I.
3)
 / I.4) 
Q5d Q S4/SM S5/SC 
clSa, siSa, 
grclSa grsiSa 18,0 63** 10 - - 6* 29* 0,30 530 I.
3)
 / I.4) 
Q5f Q S4/SM S5/SC 
clSa, siSa, 
grclSa grsiSa 18,0 60** 8 - - 3* 26* 0,30 400 I.
3)
 / I.4) 
Q7 Q G5/GC G4/GM 
siGr, clGr, sasiGr 
saclGr 19,0 60** 50 - - 5* 30* 0,30 800 I.
3)
 / I.4) 
M1 M 
R6/MS, 
CS, SM, 
SC, CI 
saSi, saclSi, 
sasiCl, saCl,  
clSa, siSa, 
grclSa, grsiSa, 
siCl 
20,7 
1,0-
1,4* 
100**  
10 
(6) - - 15* 
27* 
(18*) 
0,35 
(0,40) 800 I.3) / I.4) 
M2 M R5 - 21,5 - 35 - - 29** 26** 0,32 930 II.
3)
 / II-
III.4 
M3 M R4 - 23,5 - 200 - - 40** 33** 0,27 1200 II-III.
3)
 / 
IV-V.4 
M4 M R3/R2 - 25,0 - min. 400 - - 46** 38** 0,22 2200 
III.3) / 
V-VI.4 
 
Vysvětlivky: 
Poznámka : 1) pod hladinou podzemní vody je nutné příslušné charakteristiky upravit 
2)
 orientační základní hodnoty pro vrtané piloty o Ø 1,0 m, při hloubce vetknutí 1,0 - 1,5 m 
3)
 těžitelnost podle ČSN 73 6133 
4)
 vrtatelnost pro piloty podle VC 800-2 
 
 
 
 
 
 
γ - objemová tíha zeminy cu – totální soudržnost c – zdánlivá soudržnost 
Ic – stupeň konzistence (*) φu – totální úhel vnitřního tření φ – zdánlivý úhel vnitřního tření 
ID – relativní hutnost (**) cef – efektivní soudržnost ν - Poissonovo číslo  
Edef – modul přetvárnosti φef – efektivní úhel vnitřního tření Uv,tab – svislá tab. únosnost pilot 
c – zdánlivá soudržnost φ – zdánlivý úhel vnitřního tření  
M (moldanubikum) – svrchní proterozoikum a spodní paleozoikum 
hodnota v závorce u typu M1 platí pro tektonický jíl charakteru F6/CI 
         
Geologická dokumentace vrtané sondy 
 
Název akce: Modernizace trati Sudoměřice u Tábora – Votice                       zakázka č.: 12-106 
 Sonda :            J660 
Souřadnice : X = 1 095 561.76 Y = 736 574.22 Z = 520.90 
Dokumentoval / datum : Mgr. Jakub Hruška / 30.8.2012  
Souprava / vrtmistr : UGB 1VS / Švingr 
hloubka [m] / průměr [mm]: 0-17 / 195 ; 17-19,5 / 175 ; 19,5-20 / 156 
Hloubka [m] 
Geologická dokumentace 
ČSN EN 
ISO 
14688-2 
ČSN    
73 1001 
ČSN     
73 6133 / 
73 3050 od - do 
0,00 - 0,15 Hlína písčitá, pevná až velmi pevná, hnědá, slabě 
slídnatá, slabě humózní – ornice saorSi F3/MSO I/2 
0,15 - 0,50 Hlína písčitá, velmi pevná, šedohnědá, slabě slídnatá 
- kvartér, deluviální sedimenty saSi F3/MS I/2 
0,50 - 1,90 Rula zcela zvětralá, charakteru hlinitého písku, 
hnědého, slídnatého, ulehlého, jemnozrnného, s hojnými 
měkkými střípky a úlomky ruly 
- - - R6/SM I/3 
1,90 - 12,80 Rula navětralá, pevná, hrubozrnná, hnědošedá, rezavě 
smouhovaná, dvojslídná, páskovaná, s hojnými žilkami 
křemene, rozvrtána na úlomky vel. o průměru vrtu 
- - - R3 II/5 
12,80 - 14,00 Rula silně zvětralá, málo pevná, hrubozrnná, 
laminovaná, rezavě hnědá, rozvrtaná na ploché úlomky 
vel. 4-10 cm, lámatelné v ruce 
- - - R4/R5 I/4 
14,00 - 20,00 Rula mírně zvětralá, pevná, hrubozrnná, hnědošedá, 
rezavě smouhovaná, dvojslídná, páskovaná, s hojnými 
žilkami křemene, rozvrtána na úlomky vel. o průměru vrtu 
- svrchní proterozoikum 
- - - R4 I/4 
   
 
   
   
 
   
   
 
   
   
 
   
   OP – měření kapesním penetrometrem (kPa)    
 
Sonda ukončena v hloubce 20,00 m. 
 
 Hladina podzemní vody : naražená v hloubce 4,60 m pod terénem (30.8.2012) 
ustálená v hloubce 10,70 m pod terénem (30.8.2012) 
  
 Odebrané vzorky : H 
H 
V 
7,90 – 8,10 m 
16,0 – 16,50 m 
10,70 m 
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grsaSi,  grsaclSi, 
grsasiCl, grsaCl 18,0 
0,7-
1,1* 10 60 2 10* 26* 0,35 510 I.
3)
 / I.4) 
Q2d Q F3/MS F4/CS 
saSi,  saclSi, 
sasiCl, saCl 18,0 
0,8-
1,7* 7 60 2 16* 26* 0,35 
525-
630 I.
3)
 / I.4) 
Q2f Q F3/MS F4/CS 
saSi,  saclSi, 
sasiCl, saCl 18,0 
0,6-
1,2* 5 50 0 14* 23* 0,35 
375-
550 I.
3)
 / I.4) 
Q2o Q F3/MSO F4/CSO 
saSior,  saclSior, 
sasiClor, saClor 
16,0-
17,0 
0,4-
0,8* 3 30 0 9* 17* 0,37 - I.
3)
 / I.4) 
Q3d Q F5/ML,MI F6/CL,CI Si, clSi, siCl,  Cl 19,0 
0,8-
1,6* 6 70 3 16* 21* 0,40 
500-
630 I.
3)
 / I.4) 
Q3f Q F5/ML,MI F6/CL,CI Si, clSi, siCl,  Cl 18,5 
0,6-
1,1* 4 55 0 12* 18* 0,40 
375-
500 I.
3)
 / I.4) 
Q4d Q S3/S-F Sa, siSa, grSa 18,0 60** 18 - - 0* 30* 0,30 530 I.3) / I.4) 
Q4f Q S3/S-F Sa, siSa, grSa 17,5 60** 14 - - 0* 28* 0,30 480 I.3) / I.4) 
Q5d Q S4/SM S5/SC 
clSa, siSa, grclSa 
grsiSa 18,0 60** 11 - - 6* 28* 0,30 525 I.
3)
 / I.4) 
Q5f Q S4/SM S5/SC 
clSa, siSa, grclSa 
grsiSa 18,5 60** 8 - - 4* 26* 0,30 480 I.
3)
 / I.4) 
Q5o Q S4/SMO S5/SCO clSaor, siSaor 
16,0-
17,0 55** 5 - - 0* 20* 0,33 - I.
3)
 / I.4) 
Q6d Q G3/G-F saGr, sasiGr 18,5 60** 80 - - 0* 34* 0,27 800 I.3) / I.4) 
Q6f Q G3/G-F saGr, sasiGr 18,0 60** 65 - - 0* 31* 0,26 750 I.3) / I.4) 
Q7d Q G5/GC G4/GM 
siGr, clGr, sasiGr 
saclGr 19,0 60** 55 - - 5* 32* 0,30 800 I.
3)
 / I.4) 
Q7f Q G5/GC G4/GM 
siGr, clGr, sasiGr 
saclGr 19,5 60** 50 - - 4* 30* 0,30 750 I.
3)
 / I.4) 
Modernizace trati Sudoměřice - Votice Přeložka v úseku km 95,200-110,500  
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Vysvětlivky: 
Poznámka : 1) pod hladinou podzemní vody je nutné příslušné charakteristiky upravit 
2)
 orientační základní hodnoty pro vrtané piloty o Ø 1,0 m, při hloubce vetknutí 1,0 - 1,5 m 
3)
 těžitelnost podle ČSN 73 6133 
4)
 vrtatelnost pro piloty podle VC 800-2 
 
Tabulka – Převod tříd těžitelnosti 
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4) 
M1 M 
R6/MS, 
CS, SM, 
SC 
saSi, saclSi, 
sasiCl, saCl,  
clSa, siSa, 
grclSa, grsiSa 
20,7 1,4* 100** 12 - - 15* 27* 0,35 800 I.
3)
 / I.4) 
M1a M R6/CS  S4/SM  
grsaCl, saCl,  
clSa, siSa, grsiSa 19,8 
1,5* 
100** 17 - - 12* 29* 0,33 800 I.
3)
 / I.4) 
M2, 
M2a M R5 - 21,5 - 35 - - 29** 26** 0,32 930 
II.3) / II-
III.4 
M3, 
M3a M R4 - 23,5 - 200 - - 40** 33** 0,27 1200 
II-III.3) / 
IV-V.4 
M4, 
M4a M R3/R2 - 25,0 - 
min. 
400 - - 46** 38** 0,22 2200 
III.3) / 
V-VI.4 
Am1 M R6/S-F siSa, Sa, grSa 20,0 - 23 - - 2* 32* 0,29 1000 I.3) / II.4 
Am2 M R1/R2 - 26,0 - 850 - - 65** 56** 0,14 2500 III.
3)
 / 
VII.4 
G1 C R6/SM,SC, S-F 
clSa, siSa, 
grclSa, grsiSa 20,5 
1,4* 
100** 16 - - 15* 30* 0,33 900 I.
3)
 / I.4) 
G2 C R5 - 21,5 - 45 - - 30** 27** 0,32 1000 II.
3)
 / II-
III.4 
G3 C R4 - 23,5 - 200 - - 43** 37** 0,26 1250 II-III.
3)
 / 
IV-V.4 
G4 C R3/R2 - 25,0 - min. 400 - - 52** 44** 0,21 2250 
III.3) / 
V-VI.4 
γ - objemová tíha zeminy cu – totální soudržnost c – zdánlivá soudržnost 
Ic – stupeň konzistence (*) φu – totální úhel vnitřního tření φ – zdánlivý úhel vnitřního tření 
ID – relativní hutnost (**) cef – efektivní soudržnost ν - Poissonovo číslo  
Edef – modul přetvárnosti φef – efektivní úhel vnitřního tření Uv,tab – svislá tab. únosnost pilot 
c – zdánlivá soudržnost φ – zdánlivý úhel vnitřního tření  
M (moldanubikum) – svrchní proterozoikum a spodní paleozoikum 
C – karbon (granitoidní horniny) 
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Annex 2 
TEST RESULTS 
 
! For non-commercial purposes only !
[GEO5 - Slope Stability (educational license) | version 5.17.4.0 | hardware key 4433 / 4 | ČVUT v Praze Fakulta Stavební | Copyright © 2013 Fine spol. s r.o. All Rights Reserved |
www.finesoftware.eu]
Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
3075,72
3414,79
113432,60
125937,28
kN/m
kN/m
kNm/m
kNm/m
Utilization : 90,1 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 91,9 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
[GEO5 - Nailed Slopes (educational license) | version 5.17.4.0 | hardware key 4433 / 4 | ČVUT v Praze Fakulta Stavební | Copyright © 2013 Fine spol. s r.o. All Rights Reserved |
www.finesoftware.eu]
Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
4987,03
5486,17
253889,45
279300,67
kN/m
kN/m
kNm/m
kNm/m
Utilization : 90,9 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
[GEO5 - Nailed Slopes (educational license) | version 5.17.4.0 | hardware key 4433 / 4 | ČVUT v Praze Fakulta Stavební | Copyright © 2013 Fine spol. s r.o. All Rights Reserved |
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Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 92,1 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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 25,00 
[0,00;
25,00]
[20,24;
0,00]
Plane slip surface after optimization :
Slip surface angle
Origin of slip surface at a depth of
=
=
51,00
25,00
°
m
Verification :
Gravity force
Overall force carried by nails behind slip surf.
Forces on slip surf. driving (grav.force)
Forces on slip surf. driving (pressure)
Forces on slip surf. resist. (soil)
Forces on slip surf. resist. (nails)
=
=
=
=
=
=
7649,48
2772,17
5944,76
0,00
4609,89
1343,97
kN/m
kN/m
kN/m
kN/m
kN/m
kN/m
Resisting force = 5953,86 kN/m > 5944,76 kN/m = shear force.
Stability of slip surface is SATISFACTORY
 
! For non-commercial purposes only !
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 25
,00
 
 25
,00
 
+x
+z
60
62
,32
+x
+z
15
11
,84
+x
+z
36
0,4
0
+x
+z
47
,89
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Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
5292,22
6038,61
144530,65
164914,48
kN/m
kN/m
kNm/m
kNm/m
Utilization : 87,6 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
[GEO5 - Nailed Slopes (educational license) | version 5.17.4.0 | hardware key 4433 / 4 | ČVUT v Praze Fakulta Stavební | Copyright © 2013 Fine spol. s r.o. All Rights Reserved |
www.finesoftware.eu]
Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 79,8 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
[GEO5 - Nailed Slopes (educational license) | version 5.17.4.0 | hardware key 4433 / 4 | ČVUT v Praze Fakulta Stavební | Copyright © 2013 Fine spol. s r.o. All Rights Reserved |
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 25,00 
[-12,50;
25,00]
[24,56;
0,00]
Plane slip surface after optimization :
Slip surface angle
Origin of slip surface at a depth of
=
=
34,00
25,00
°
m
Verification :
Gravity force
Overall force carried by nails behind slip surf.
Forces on slip surf. driving (grav.force)
Forces on slip surf. driving (pressure)
Forces on slip surf. resist. (soil)
Forces on slip surf. resist. (nails)
=
=
=
=
=
=
9281,59
1945,13
5190,20
0,00
5895,54
1399,21
kN/m
kN/m
kN/m
kN/m
kN/m
kN/m
Resisting force = 7294,76 kN/m > 5190,20 kN/m = shear force.
Stability of slip surface is SATISFACTORY
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44
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+x
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8,4
3
+x
+z
40
7,0
4
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+z
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Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
2653,07
2712,77
71367,54
72973,50
kN/m
kN/m
kNm/m
kNm/m
Utilization : 97,8 %
Slope stability ACCEPTABLE
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Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 79,1 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
[GEO5 - Slope Stability (educational license) | version 5.17.4.0 | hardware key 4433 / 4 | ČVUT v Praze Fakulta Stavební | Copyright © 2013 Fine spol. s r.o. All Rights Reserved |
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Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
2913,74
3066,42
92045,19
96868,07
kN/m
kN/m
kNm/m
kNm/m
Utilization : 95,0 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 93,5 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 3
Analysis of the slip surface without optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
289,58
783,09
1809,86
4894,33
kN/m
kN/m
kNm/m
kNm/m
Utilization : 37,0 %
Slope stability ACCEPTABLE
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Name : Verification Stage : 1; Analysis: 1
 5,
00
 
 5,
00
 
 2,
50
 
 2,
50
 +
x
+z
12
5,5
0 +
x
+z
9,0
4
+x
+z
37
,12
+x
+z
+x
+z
11
,74
Q2d M1
M2 M3
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Name : Bearing cap. Stage : 1; Analysis: -1
 5,
00
 
 5,
00
 
 2,
50
 
 2,
50
 
89,38
89,38
Q2d M1
M2 M3
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Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
4161,30
5437,48
130914,44
171062,97
kN/m
kN/m
kNm/m
kNm/m
Utilization : 76,5 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 90,7 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
726,94
680,23
79018,61
73941,06
kN/m
kN/m
kNm/m
kNm/m
Utilization : 106,9 %
Slope stability NOT ACCEPTABLE
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www.finesoftware.eu]
Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 106,7 %
Slope stability NOT ACCEPTABLE
 
! For non-commercial purposes only !
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www.finesoftware.eu]
Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
1365,16
1656,31
195326,60
236985,20
kN/m
kN/m
kNm/m
kNm/m
Utilization : 82,4 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 3
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 85,8 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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www.finesoftware.eu]
Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
3968,34
4437,09
164487,79
183917,39
kN/m
kN/m
kNm/m
kNm/m
Utilization : 89,4 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 3
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 96,8 %
Slope stability ACCEPTABLE
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Name : Analysis Stage - analysis : 1 - 4
The slip surface after optimization.
Slope stability verification (Sarma)
Utilization : 94,7 %
Slope stability ACCEPTABLE
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Name : Analysis Stage - analysis : 1 - 5
The slip surface after optimization.
Slope stability verification (Spencer)
Utilization : 92,2 %
Slope stability ACCEPTABLE
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Name : Analysis Stage - analysis : 1 - 1
Analysis of the slip surface without optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
285,80
733,89
3192,36
8197,60
kN/m
kN/m
kNm/m
kNm/m
Utilization : 38,9 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
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Name : Analysis Stage - analysis : 1 - 8
Analysis of the slip surface without optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
2227,85
2650,87
188632,45
224449,37
kN/m
kN/m
kNm/m
kNm/m
Utilization : 84,0 %
Slope stability ACCEPTABLE
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Name : Analysis Stage - analysis : 1 - 6
The slip surface after optimization.
Slope stability verification (Sarma)
Utilization : 78,9 %
Slope stability ACCEPTABLE
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Name : Analysis Stage - analysis : 1 - 1
The slip surface after optimization.
Slope stability verification (Bishop)
Sum of active forces :
Sum of passive forces :
Sliding moment :
Resisting moment :
Fa =
Fp =
Ma =
Mp =
1502,04
1571,80
115552,08
120918,29
kN/m
kN/m
kNm/m
kNm/m
Utilization : 95,6 %
Slope stability ACCEPTABLE
 
! For non-commercial purposes only !
[GEO5 - Slope Stability (educational license) | version 5.17.4.0 | hardware key 4433 / 4 | ČVUT v Praze Fakulta Stavební | Copyright © 2013 Fine spol. s r.o. All Rights Reserved |
www.finesoftware.eu]
Name : Analysis Stage - analysis : 1 - 2
The slip surface after optimization.
Slope stability verification (Janbu)
Utilization : 95,4 %
Slope stability ACCEPTABLE
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Name : Analysis Stage : 4
Results : overall; variable : Settlement; range : <0,0; 158,9> mm
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Analysis performed, method Analysis using oedometric modulus
Maximum settlement = 158,9 mm
Maximum depth of influence zone = 7,50 m
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Name : Analysis Stage : 4
Results : compared to stage 2; variable : Settlement; range : <-11,9; 26,7> mm
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Analysis performed, method Analysis using oedometric modulus
Maximum settlement = 158,9 mm
Maximum depth of influence zone = 7,50 m
Maximum settlement against stage 2 = 26,7 mm
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Name : Analysis Stage : 4
Results : compared to stage 3; variable : Settlement; range : <0,0; 53,8> mm
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Analysis performed, method Analysis using oedometric modulus
Maximum settlement = 158,9 mm
Maximum depth of influence zone = 7,50 m
Maximum settlement against stage 3 = 53,8 mm
